———— "————— 
.neva 


— publishers 


COMBUSTION 


Types of Reactions, Fundamental Processes 


and Advanced Technologies 


Joseph M. Grier 


CHEMISTRY RESEARCH AND APPLICATIONS 


COMBUSTION 


TYPES OF REACTIONS, 
FUNDAMENTAL PROCESSES 
AND ADVANCED TECHNOLOGIES 


No part of this digital document may be reproduced, stored in a retrieval system or transmitted in any form or 
by any means. The publisher has taken reasonable care in the preparation of this digital document, but makes no 
expressed or implied warranty of any kind and assumes no responsibility for any errors or omissions. No 
liability is assumed for incidental or consequential damages in connection with or arising out of information 
contained herein. This digital document is sold with the clear understanding that the publisher is not engaged in 
rendering legal, medical or any other professional services. 


CHEMISTRY RESEARCH 
AND APPLICATIONS 


Additional books in this series can be found on Nova's website 
under the Series tab. 


Additional e-books in this series can be found on Nova's website 
under the e-book tab. 


CHEMISTRY RESEARCH AND APPLICATIONS 


COMBUSTION 


TYPES OF REACTIONS, 
FUNDAMENTAL PROCESSES 
AND ADVANCED TECHNOLOGIES 


JOSEPH M. GRIER 
EDITOR 


= nova 


"publishers 
New York 


Copyright O 2014 by Nova Science Publishers, Inc. 


All rights reserved. No part of this book may be reproduced, stored in a retrieval system or transmitted 
in any form or by any means: electronic, electrostatic, magnetic, tape, mechanical photocopying, 
recording or otherwise without the written permission of the Publisher. 


For permission to use material from this book please contact us: 
Telephone 631-231-7269; Fax 631-231-8175 
Web Site: http://www.novapublishers.com 


NOTICE TO THE READER 


The Publisher has taken reasonable care in the preparation of this book, but makes no expressed or 
implied warranty of any kind and assumes no responsibility for any errors or omissions. No liability is 
assumed for incidental or consequential damages in connection with or arising out of information 
contained in this book. The Publisher shall not be liable for any special, consequential, or exemplary 
damages resulting, in whole or in part, from the readers’ use of, or reliance upon, this material. Any 
parts of this book based on government reports are so indicated and copyright is claimed for those parts 
to the extent applicable to compilations of such works. 


Independent verification should be sought for any data, advice or recommendations contained in this 
book. In addition, no responsibility is assumed by the publisher for any injury and/or damage to 
persons or property arising from any methods, products, instructions, ideas or otherwise contained in 
this publication. 


This publication is designed to provide accurate and authoritative information with regard to the subject 
matter covered herein. It is sold with the clear understanding that the Publisher is not engaged in 
rendering legal or any other professional services. If legal or any other expert assistance is required, the 
services of a competent person should be sought. FROM A DECLARATION OF PARTICIPANTS 
JOINTLY ADOPTED BY A COMMITTEE OF THE AMERICAN BAR ASSOCIATION AND A 
COMMITTEE OF PUBLISHERS. 


Additional color graphics may be available in the e-book version of this book. 


Library of Congress Cataloging-in-Publication Data 


Combustion: types of reactions, fundamental processes and advanced technologies / [edited by] Joseph 
M. Grier. 
pages cm 
Includes bibliographical references and index. 
ISBN: 978-1-62948-969-8 (eBook) 
1. Combustion. I. Grier, Joseph M., editor of compilation. 
QD516.C6175 2014 
541'.361--dc23 


LCCN: 2013048325 


Published by Nova Science Publishers, Inc. } New York 


Preface 


Chapter 1 


Chapter 2 


Chapter 3 


Chapter 4 


Chapter 5 


CONTENTS 


Lagrangian Formulation to Treating 
the Turbulent Reacting Flows 
V. A. Sabelnikov 


G-Equation in White Noise in a Time Turbulent 
Velocity Field: The Derivation of the Probability 
Density Function Equation 

V. A. Sabelnikov 


Deposition of Thin Functional Coatings 

at Atmospheric Pressure Using Combustion 
Chemical Vapour Deposition 

I. Zunke, P. Rüffer, T. Télke, A. Heft, B. Grünler 
and A. Schimanski 


Fundamentals of Oxy-Fuel Carbon Capture 
Technology for Pulverized fuel Boilers 
Lucía Álvarez, María V. Gil, Juan Riaza, 
Cova Pevida and Fernando Rubiera 


Combustion of Lignocellulosic Biomass and Marine 


Biomass by Means of Thermal Analyses: Kinetic 
and Gas Evolution Analysis 

Diego López González, José Luis Valverde 

and María Luz Sánchez Silva 


vii 


TI 


121 


169 


199 


vi 


Contents 


Chapter 6 


Chapter 7 


Chapter 8 


Index 


Methane Combustion by Electrochemical 
Promotion of Catalysis Phenomenon 
Carmen Jiménez Borja, Nuria Gutiérrez, 
Fernando Dorado and Jose Luis Valverde 


Novel Nitrate-Free Acetate-H 0. 
Combustion Synthesis 
Narendar Nasani and Duncan P. Fagg 


Solution Combustion Method: A Convenient 
Approach for Preparing Ni-Promoted Mo 
and Mo-W Sulphide Hydrotreating Catalysts 
Sergio L. González-Cortés, 

Serbia M. Rodulfo-Baechler 

and Freddy E. Imbert 


229 


245 


269 


289 


PREFACE 


In this book the authors present current research in the study of different 
types of reactions, fundamental processes and advanced technologies of 
combustion. Topics discussed in this compilation include the Lagrangian 
formulation to treating the turbulent reacting flows; g-equation in white-noise 
in time turbulent velocity field; deposition of thin functional coatings at 
atmospheric pressure using combustion chemical vapor deposition; funda- 
mentals of oxy-fuel carbon capture technology for pulverized fuel boilers; 
combustion of lignocellulosic biomass and marine biomass by means of 
thermal analyses; methane combustion by electrochemical promotion of 
catalysis phenomenon; novel nitrate-free acetate-H;O» combustion synthesis; 
and solution combustion method. 

Chapter 1 - In this chapter the authors outline a Lagrangian approach to 
treating problems of turbulent reacting flows. In order to avoid unnecessary 
complications, and to highlight the basic issues they limit ourselves to the 
particular case of a constant density, homogeneous isotropic turbulent flow. 
The case a passive reactive scalar is considered, i.e. it is assumed that the 
turbulence is not affected by the combustion. 

Chapter 2 - A promising approach to simulating premixed turbulent 
combustion in gas turbine and spark ignition engines consists of tracking a 
flame surface in the turbulent velocity field in the framework of so called G — 
equation, associating the evolution of the flame surface with the evolution of 


zero (or Co) level set of a function G(x,1) . The goal of the present chapter is 
to derive the equation for the probability density function of G 


straightforwardly from the well-known G -equation for tracking an infinitely 
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thin flame sheet (flamelet) in a white-noise in time statistically homogeneous 
isotropic constant density turbulent flow. 

Chapter 3 - The deposition of thin functional layers under atmospheric 
pressure conditions using flame-based techniques is a cost-effective solution 
for several applications in comparison with the well known vacuum tech- 
niques. The basic principles of the flame-based deposition techniques are 
reviewed and the technical realization is shown by means of selected examples 
of the current research and development of Innovent e.V. 

In the case of combustion chemical vapour deposition (CCVD) a com- 
bustible gas-air mixture is ignited in a burner. The temperature of the flame 
depends on the gas-air ratio and strongly on the zone of the flame. In the 
simplest case oxydizing and reducing flame are differed. In dependence of 
both of these main flame-properties, the chemistry of precursor reactions and 
film-deposition is influenced. The film morphology can also be adjusted for 
example by the distance of the substrate to the flame. Additionally a 
specialized remote CCVD system is developed in order to deposit hydrolyzing 
precursers. 

The formation of silicone oxide layers with a wide range of properties is 
investigated in detail. The most famous applications like adhesive, optical 
effective, barrier and matrix layers for embedding particles are reviewed. 
Fundamental investigations were performed to deposit zinc oxide layers with 
the objective of transparent and conducting coatings. Further coating systems 
like photocatalytic active (TiO), electrochromic (wolfram oxide), silver, 
aluminium oxide and rare-earth layers are also introduced. 

Chapter 4 - Coal is expected to continue to contribute to electricity 
production in the near future. However, it generates more CO, per unit of 
produced energy than other fossil fuels and its use is associated with the 
formation of contaminants such as NO,, SOx, Hg, etc. In recent years, oxy-fuel 
combustion has attracted great interest as a promising Carbon Capture and 
Storage (CCS) technology, since it can be easily adapted to both existing and 
newly built coal-fired power plants. During oxy-fuel combustion coal is burnt 
in a mixture of oxygen and recycled flue gas (RFG) (mainly CO, and water 
vapor), that is used to lower the flame temperature and yield a rich stream of 
CO». However, the successful implementation of oxy-fuel combustion 
technology depends on having a full understanding of the difficulties that arise 
as a result of replacing inert N3 by reactive CO» in the oxidizer stream. 
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Biomass is a renewable fuel which can be used to reduce CO» emissions, 
as it is considered carbon-neutral. The combination of oxy-coal combustion 
with biomass co-firing could provide an effective method of CO; disposal 
which has only partially been studied. Furthermore, biomass co-firing is 
presented as an option for increasing capture efficiency, as the costs and 
efficiency penalties would be reduced. This chapter presents a technical 
review of the oxy-fuel combustion process, covering the most recent 
experimental studies at both laboratory and pilot scale. The impact of 
replacing N2 by CO» upon heat transfer, devolatilization, ignition, combustion 
kinetics, pollutant formation (mainly NO, and SO,) and fly ash and slag 
formation is also evaluated. Furthermore, the effect of blending coal and 
biomass under oxy-fuel conditions on combustion properties is assessed. 

Chapter 5 - Biomass fuels are gaining particular attention as a potential 
alternative to increase energy independence of fossil fuels and reduce 
environmental pollution. The main ones refer to lignocellulosic biomass and 
marine biomass (especially microalgae). There is a growing interest in the 
cultivation of lignocellulosic biomass for energy production as they typically 
have less capital-intensive conversion technologies, attractive opportunity for 
local and regional self-sufficiency, reduction in greenhouse gas emissions and 
viable alternative to fossil fuel use. On the other hand, microalgae have 
received increasing attention due to the fact that they can be cultured in ponds 
or photobioreactors with supply of nutrients or waste water. Moreover, the 
production of microalgae does not require of high quality arable land and 
therefore it does not compete with food crops. 

Direct combustion is the oldest and still the most commonly used route for 
converting biomass to heat, power and combined heat and power. Combustion 
can be defined as the conversion of biomass fuels to several forms of useful 
energy in the presence of air or oxygen. Despite its inherent potential as a 
biofuel resource, the commercial viability of biomass combustion technology 
has not been achieved yet. In this regard, thermogravimetric analysis is one of 
the most common techniques used to rapidly investigate and compare thermal 
events and kinetics during combustion of biomass. TGA provides useful 
information concerning the temperatures at which combustion or decom- 
position reactions in the sample start. Biomass characteristics and kinetics of 
biomass combustion are essential for modeling the combustion in industrial 
processes. Therefore, from TGA data suitable mathematical models can be 
derived for a better comprehension of the oxidation behavior of these complex 
feedstock that allow to perform economic analysis and develop technology for 
a more efficient biomass conversion. 
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Additionally, during the combustion of biomass, the composition of the 
gas emissions should be determined before industrial application. In spite of 
the environmental advantages, some aspects concerning the release of contam- 
inants during biomass combustion must be taken into account. In this regard, 
NO, and SO, emissions depend on raw biomass composition, which usually is 
variable. Furthermore, the chloride amount in biomass might turn into 
operational problems such as corrosion. Other organic compounds such as 
benzene and toluene are considered to be part of the most dangerous emissions 
from biomass combustion causing diseases as lung infection and leukemia. 
Therefore, the knowledge of pollutant release during biomass conversion is 
truly important in order to reassure the use of biomass from the environmental 
point of view. In this regard, the coupling of thermogravimetric analysis with 
mass spectrometry (TGA-MS) stands out as the only experimental technique 
able to afford real-time and sensitive detection of evolved gases from the 
thermochemical conversion of a very small sample. 

In this chapter, the combustion behavior and the gas evolution analysis of 
different biomass feedstock (lignocellulosic and microalgae) by means of 
TGA-MS will be addressed. Finally, the kinetic analysis of the combustion 
process will be presented. 

Chapter 6 - Methane is the main component of natural gas and is probably 
the most abundant organic compound on Earth. In view of the fact that the 
world petroleum reserves are on the decline, a great deal of emphasis has been 
placed on developing alternatives for energy production. Significant efforts 
have been focused on finding effective processes and technology for the 
optimum utilization of the abundant natural gas inenergy production. During 
the last decades, the catalytic combustion of methane has been extensively 
studied as an alternative to conventional thermal combustion. This method 
allows converting methane at relatively low temperatures and with very high 
combustion efficiency, thus avoidingemissions. Hence, it is considered an 
effective route to produce power with low environmental impact and then 
suitable for gas turbine applications. 

On the other hand, one of the lastest advances in catalysis is the 
phenomenon of Electrochemical Promotion Of Catalysis (EPOC), or Non- 
faradaic Electrochemical Modification of the Catalytic Activity (NEMCA), 
that has had a strong impact in the fields of electrochemistry, heterogeneous 
catalysis and surface science. This phenomenon is an important tool to 
improve the catalytic performance of a metal catalyst interfaced with a solid 
electrolyte by the application of low current or potentials over the catalytic 
film. During the last years, it has been demostrated that itis based on the 
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change of the work catalytic function due to the elctrochemical pumping of 
ions from the solid electrolyte to the catalyst. 

In this chapter, the catalytic combustion of methane by this new phenom- 
enon will be addressed. Finally, the application of this tecnhology to the 
methane combustion over palladium based catalyst-electrodes will be 
presented. 

Chapter 7 - One of the key challenges in materials science research is the 
synthesis of ceramic materials with the desired phase purity, morphology, 
particle size and expected properties for defined applications, while controlling 
cost. The selection of the synthesis method is vital to regulate the composition, 
structure, and morphology of a preferred material. Ceramic oxide materials are 
typically prepared by solid-state reactions, for example simple mechanical 
mixing of ceramic oxide powders, or by precipitation from solution and 
following decomposition. Nonetheless, the solid-state route can often lead to 
the appearance of non-homogeneity in the final products and low phase purity 
that can deteriorate the desired properties. 

A novel nitrate-free acetate-H;O; combustion synthesis method has 
recently been developed that has been demonstrated for the successful 
preparation of Ni-BaZrossYoijsOss cermet anodes and Ba(Ce,Zr,Y)O3-5 
electrolytes for Proton Ceramic fuel cell (PCFC) applications. Metal acetates 
(M-(OCOCH3)x yH20O) and 30% H5O; are employed as starting precursors for 
this combustion reaction, using microwave heating. The new route contrasts 
dramatically to traditional nitrate-based combustion processes in that the metal 
precursors now constitute the fuel rather than the oxidant in the combustion 
reaction. Another significant distinction of the novel route is that the acetate 
precursor solution is neutral in contrast to typical nitrate-based combustion 
routes that involve acidic solutions. This factor has been shown to be highly 
important for the successful preparation of cermet anodes such as Ni- 
BaZro 5 Yo0.1503.3 that contain alkaline earth metals. The novel combustion 
route produces powders with a fine crystallite size in the nanometric scale. The 
presence of an intermediate peroxy (-OOH) bond has been identified and is 
suggested to aid the combustion reaction by harnessing the required oxidant in 
the form of labile peroxide complexes. This soft chemical method offers 
homogeneous distribution and stabilization of the metal ions in the solution 
state and can be applied for the formation of further multi-element ceramic 
oxide materials, offering economical advantages over more classical nitrate- 
based combustion routes, as well as significant environmental benefits due to 
the avoidance of releasing NO, gases. 
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Chapter 8 - The development of advanced catalyst synthesis methods to 
meet the stringent environmental regulations in the production of ultraclean 
transportation fuels represents a major challenge for catalyst suppliers. In this 
chapter, the positive impact of solution combustion synthesis (SCS)-based 
preparation approach in the synthesis of alumina-supported NiMoP and 
NiMoW hydrotreating catalysts has been examined. The results show that the 
use of urea as fuel can tune the metal oxide-support interaction, altering the 
distribution of Mo-oxo species onto alumina support. Furthermore, the 
hydrodesulphurisation (HDS) activity of alumina-supported NiMoP sulphide 
catalysts achieved a maximum at © ratios between 0.6 and 1.2. This maximum 
HDS activity is attributed to a higher surface density of polymolybdate relative 
to molybdate species in the catalyst precursor and the effective interaction of 
nickel with the edges of MoS, that facilitates the formation of NiMoS 
structure. On the other hand, the sequential deposition of NiMo-urea solution 
on metal oxide-modified alumina surface produces a reduction of the catalyst 
bed temperature rate and an increase of the decomposition period of the redox 
mixture. The addition of Ni and Mo to WO,-modified alumina assists the 
segregation of MoO, and WO, species on the alumina surface and promotes 
their reducibility. Furthermore, the NiMoW catalyst prepared impregnation- 
solution based combustion method showed higher hydrotreating activity than a 
commercial NiMo catalyst. 


In: Combustion ISBN: 978-1-62948-967-4 
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LAGRANGIAN FORMULATION 
TO TREATING THE TURBULENT 
REACTING FLOWS 


V. A. Sabelnikov' 
ONERA - The French Aerospace Lab., Palaiseau, France 


ABSTRACT 


In this chapter we outline a Lagrangian approach to treating 
problems of turbulent reacting flows. In order to avoid unnecessary 
complications, and to highlight the basic issues we limit ourselves to the 
particular case of a constant density, homogeneous isotropic turbulent 
flow. The case a passive reactive scalar is considered, i.e. it is assumed 
that the turbulence is not affected by the combustion. 


Keywords: Advection-reaction equation, Eulerian frame, Lagrangian frame, 
Lagrangian characteristics, Eulerian characteristics, mixed Lagrangian- 
Eulerian quantities, Premixed turbulent combustion, combustion progress 
variable, Taylor theory, turbulent diffusion coefficient, G -equation 
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1. INTRODUCTION 


The impetus for this study stems from two recent publications [1], [2] 
devoted to the analysis of the Lagrangian properties of turbulent diffusion that, 
as the authors of [1] wrote, "even if they are ignored in the Eulerian approach 
used for the description of heat and mass transfer, are important in several 
applications, in particular in turbulent premixed combustion". The authors [1] 
derived the equations which illustrate, in particular, the nonequilibrium 
behavior of the turbulent diffusion coefficient. This effect, as it is well-known, 
is important for modeling the initial stage of combustion for example, in the 
spark ignition engine. Unfortunately some conclusions of the paper [1], as will 
be demonstrated in the present paper, are incorrect. 

The main objective of the present paper is to develop a systematic 
approach to cope with the Lagrangian formulation to treating the turbulent 
reacting flows. The case a passive reactive scalar is considered, i.e. it is 
assumed that the turbulence is not affected by the combustion. We revise also 
the incorrect results in [1]. We begin with, in the section 2, the formulation of 
an instantaneous advection-reaction equation for reactive scalar. In the section 
3 the relations connecting the instantaneous and expected Lagrangian and 
mixed Lagrangian-Eulerian quantities are derived. In the section 4 the 
relations connecting the instantaneous Eulerian and Lagrangian quantities, and 
expected Eulerian and mixed Lagrangian-Eulerian quantities are derived. In 
the section 5 the equations for the expected mixed Lagrangian-Eulerian 
quantities are derived. In the section 6 we apply the Taylor theory of the 
turbulent diffusion to transform the equation for the expected mixed 
Lagrangian-Eulerian reactive scalar derived in the section 5. The section 7 is 
devoted to consideration of the turbulent premixed flame employing the 
equations derived in the section 6. The discussion addresses an asymptotic 
case of an infinitely thin flame front (flamelet) that separates the reactants and 


products in a turbulent flow and self-propagates at a speed A, with respect to 


the products. When the flame front hits a reactant particle it turns into a 
product particle. An exact analytical expression for the density probability 
function of the flame front hitting the reactant particle is derived. To this end 


we applied the well-known G -equation (the level set method for tracking 
interfaces). The section 8 continues the analysis of the premixed combustion. 
An approximate expression connecting expected Eulerian progress variable 
and the Lagrangian transition probability density function is derived. Then an 
approximate equation for the mean progress variable is derived. This equation 
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coincides with well-known in the theory of the premixed combustion 
Prudnikov equation. In section 9 we summarize the principal results and 
discuss the relation and an advance to what was previously published. In 
section 10, the principal results are summarized. 


2. THE ADVECTION-REACTION EQUATION 


The derivation of the Lagrangian and expected mixed Lagrangian- 
Eulerian equations follows closely to the approach presented in the book [3]. 
The main part of the notations is taken also from this book. Boldface notations 
refer to the three-dimensional (3D), otherwise to one-dimensional (1D) 
quantities. 

Let us consider the initial boundary value problem (IVBP) for an 
advection-reaction equation 

(i.e. the case of zero molecular diffusion) 


à d 
E EE (1) 
c(X,t =0)=c,(X), (2) 


where c(X,t is a reactive scalar, Vx is a nabla symbol (i.e. Vyc and Vy-u 
stand for gradient of c(X.t ) and divergence of velocityu(X,f), 


respectively), u- Vc stands for the scalar product, u(X,f) is an isotropic 


homogeneous incompressible turbulent (i.e. random) flow field, which is 
assumed not affected by chemical reaction (passive reactive scalar), i.e. 


Vy:u-0, (3) 


with zero mean value (u) = Q. The density is assumed constant p = const . 


Without loss of generality we assume that an initial scalar field c(X)is 


deterministic. The case of a random initial scalar field c, (X) is considered in 
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the Annex A. Eq. (1) is a stochastic partial differential equation (SPDE) with 
multiplicative noise term U - V «c. 


Eq. (1) can be rewritten in the conservative form 


+, (uc) Wie X0. (4) 


by virtue of the incompressibility Eq. (3). 

In the section 7 the particular case of premixed combustion is studied. In 
this case the reactive scalar C is called the combustion progress variable. 
Analysis is conducted in the frame of Bray-Moss-Libby (BML) model [4] 
(detailed discussion of the BML model can be found, e.g. in [5] and [6]). BML 
approximation for the turbulent premixed combustion is based on the 
assumption that the flame front thickness is negligibly small in comparison 
with the length scales of the turbulent velocity field. In such a limit it is 
assumed that the infinitely thin flame front separates the products and 
reactants, i.e. the progress variable c takes only two values c = Q, in reactants 
and c=1, in products. In other words, we neglect the probability of 
observation of intermediate values O< c «1 which is proportional to the 
flame front thickness. The flame front propagates with the normal velocity of 
flame propagation $,, supposed below to be constant, without loss of 
generality. The combustion signifies jump of the progress variable c from 
c = Ü (in the reactants) to c = 1 (in the products). This jump takes place when 
the flame front hits some fluid particle in the reactants. 


Accordingly, Ma =0 everywhere with the exception of the flamelet 


surface, where Vyc is the Dirac Ó function. The source in the frame of BML 
model reads, e.g. [5], [6] 


W(c,X,t) = S,|Vxc(X.1).. (5) 


A particular case of the source Wie, X,t) that does not depend on the 
scalar, i.e. W(c, X,t) 2 q(X,t) is considered in the Annex B. 
Averaging (4) yields 
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—— 4 Vx : (uc) - (W), (6) 


where (uc) is the turbulent flux. The unconditional ensemble averages over 


the random velocity field u( X,£) will be denoted by angle brackets. 


Eqs (1), (4), (6) are written in the Eulerian frame. Let us transform these 
equations into Lagrangian counterpart. 


3. LAGRANGIAN FRAME 


3.1. Instantaneous Lagrangian Equations 


First order partial differential equation (PDE) (1) can be equally presented 
in a characteristic ordinary differential equation (ODE) form 


X OG IX Cox eg; (7) 
dt 
dc 
g WOX 6 = G(X). =, (8) 


where Cy (x, ) is the initial scalar field (2). 
In what follows, for simplicity of writing, the initial time f£, is assumed 


equal to zero, ie. f, — 0. Hence the elapsed time ¢—f,is simplyf. The 


solution of (7) is a particle Lagrangian trajectory 


X(i1|x,,0) . (9) 


where X, stands for an initial position of a fluid particle. Initial position is the 


inverse function 


X, 7 X, (X,f), (10) 
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i.e. plugging the expression (10) for the initial position X, into (9) yields 
X(rx,(X,1)0) =X. (11) 
The Jacobian of the mapping X(t Ix, ,0) is equal to one 


. |ox 


j= A(X), X,,X;) 
OX, 


E -], (12) 
Odonis) 


by virtue of the incompressibility condition (3). The Cartesian components of 
the vectors X — DOC X,)and X) = (Xop Xoz Xoz) are used in (12). 
The substitution of (9) into Eulerian velocity field u(X,f) yields a 


Lagrangian velocity 
v(rx,.0) = wës, 0), t). (13) 
Eq. (8) can be rewritten as follows 


The solution of (14) is a functional of the particle trajectory X(t GRO and 


can be symbolically written as 


hlp [x(clx,).7]). O0<7r<t,c=c(x,),t=0, (15) 


where R, [x(clx,).7] stands for the functional. Hereinafter shorthand writing 


is used for the scalar in the Lagrangian frame c(x,,0), suppressing the 


dependence on the functional of the particle trajectory. 
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Remark. It is worth noting that the particle trajectory X(t/x,,0) is, in its 


turn, a functional of the velocity field u(X, t) , as follows from Eq. (7), i.e. 
X(1x,.0) = RA. cl 0x c <t. 


Eqs (7), (8) (Lagrangian equations for the fluid particle) become 


Cu, OI 

oa WK C0 ),8) = VEX 90), X(0x,.0)-x, (e 
&c(rlx,.0) 

== Wide, Ol c(t =Ox,,0)=c,(x,), (17) 


taking into consideration Eqs (9), (13), (15). The shorthand notation for the 
source in the Lagrangian frame is used in Eq. (17) 


Wis, Ol- W(c(rx,.0) X«]x,.0).). 


In the particular case of an inert scalar, i.e. W(c, X,t) =O, the scalar 


value does not change in the fluid particle, i.e. 
c(rix,.0)- c(t -0ix,.0)- c, (x, ). (18) 


as follows from (17). 
Let the chemical source does not depend on the space coordinates, i.e. 


Wc, X,t) -W(c,t). (19) 


Then Eq. (17) reduces to ODE 


&c(rlx,.0) Se 


a (c(rlx,.0).:). c(t = Ox,.0) =¢,(x,). (20) 
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Eq. (20) is a deterministic ODE, because, contrary to (17), it does not 


contain the functional of the particle trajectory X(t xy) , therefore its solution 
does not depend on the particle trajectory Xx). Contrary to (15), the 


solution of Eq. (20), i.e. the scalar along the particle trajectory, C(t Ix, ,0) isa 
deterministic function that depends only from the elapsed time f and the initial 
coordinates X, (we remind that c, (x,) is a deterministic field, random field is 


considered in the Annex A). 


3.2. Expected Lagrangian and Mixed Lagrangian- 
Eulerian Quantities 


Let us introduce in addition to unconditional ensemble averages two kinds 
of expected conditional quantities, Lagrangian and mixed Lagrangian-Eulerian 
quantities (e.g. [3]). The expected Lagrangian quantities will be denoted by 
bar, e.g. 


V(t}x,,0). elle, D). W(rx,.0). Q1) 


The expected Lagrangian quantities are the conditional averages with the 
selection of the initial positions of the particles. These conditional averages are 
calculated using the corresponding conditional Lagrangian probability density 
functions, e.g. 


DOT? (22) 


va|x,.0) = [ve (v.t 


It should be stressed that the expected Lagrangian quantities (21), by 
definition of the Lagrangian quantities, do not depend on the spatial 
coordinates X . Averaging Eqs (16), (17) results in 


OX(t|x,,0 X 
ae -u(X0x,0)7 = v(x,.0).X(0x,.0 2x. 3) 
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OCH, HU S 
Sisi = W(tlx,,0), e(t = 0x,.0)- cy (x, ). (24) 
It is worth noting that, in general case, the conditional averaging and the 
derivatives with respect to time and to space do not commute. The expected 
Lagrangian quantities, they do, e.g. [7]. 
The expected mixed Lagrangian-Eulerian quantities are defined with the 


X, 0) 


aid of the conditional (transition) probability density function P, (X. f 


PA(X,t 


x,Od'X-1, (25) 


x,,0) = (8(X(x,.0) — X). | X. 


P, (X,t -0x,,0) = ó(X-x,). (26) 


The second expression in (25) is the normalisation condition of the 
transition function, (26) is the initial condition. The product 


P (X,t Ix, ,0)d°X implies the probability as the random variable X(t GRO 


lies among X and X+dX at time t specified that this started out with value 
X, at time Q. 


Transition probability density function P, (X,fx,,0) depends on the 


difference X — X, , i.e. 


P(X,t 


X,,0) = P,(X- x.t 


0), 


by virtue of the assumption of homogeneity of the turbulent velocity field. For 


generality we will write below P, (X, t bs, OI . We note that 
1 
ó(X(1x,.0) - X) = 1909058 -X)) = Ó(X,(X,t) - Xy), (27) 


by virtue of the incompressibility condition (12), j —1. Hence averaging (27) 
yields 
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P, (X,t x,,O)d'x, =1. (28) 


X,.0) = P, (x,.0) 


X0, [Rt 


X0 


Following [3], let us introduce another type of statistical characteristics: so 
called expected mixed Lagrangian-Eulerian quantities, which are defined by 


(OX, d) = (Qd DEX) - X) = Q (t 


Kë, - X)) (29) 


(O(X,1)) = (Olax, .0)5(X(thx,.0) - X)) = Q (X. x,.0)P, (Xt 


Xo 0) , (30) 


where Q(X,f) and Q(x,.0) are arbitrary scalar or vector Eulerian and 
Lagrangian quantities, respectively. To elucidate the sense of Ou, SU 
let us, departing from the Lagrangian instantaneous quantity Q(i|x,.0). 
introduce a new random quantity Q(X, Sall the sample values of which 


are the values of the Lagrangian quantity O(t|x,,0) at the fixed point X. 


Thus the sample space of the random quantity Q(t,X,x,,0) is a subset of the 


Lagrangian quantity O(t|x,,0). The expected mixed Lagrangian-Eulerian 


quantities will be denoted by two bars. They, as was just explained, are the 
conditional averages with the selection of the initial position of the particle and 
its position X at time t. Eq. (30) follows from (29) taking into consideration 


the definition of P (X,t 


X,,0) introduced by (25). The expected mixed 


Lagrangian-Eulerian conditional velocity, scalar and the chemical source, as 
follows from (30), are determined by the expressions 


(tb, Dë Kul, Di — X)) 
P, (X,tx,,0) 


V(t|X,X,,0) = (31) 


Wa, Dër, — X)) 
P(X, "all 


E(t|X,x,,0) = ; (32) 
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(wl, Oe äus, — X)) 
P, (X,.tx,.0) 


W (1X,x,.0) = ; (33) 


respectively. 
The expected mixed Lagrangian-Eulerian quantities V(t IX, X,,0), 
c(t|X, x,,0).W (t |X, x,,0) , contrary to the expected Lagrangian quantities 


(21), as follows from (20), (32) and (33), depend on the space coordinates X . 
Let the chemical source does not depend on the space coordinates, Eqs 


(19), (20). Then, as was shown above, the reactive scalar BOCH Q0) is a 
deterministic function, the solution of Eq. (20). Scalar c(t Ix, ,0) depends only 
from the elapsed time f and the initial coordinates X,. Therefore the expected 


Lagrangian scalar C(t [x,.0) coincides with its instantaneous value 
CU, D = c(rx,.0) . (34) 
Eq. (24) reduces to (20), because 
Wis, 0) = Miete, DL) = W(c(tx,,0),f) = Miete DL). (35) 


Eqs (32) and (33) become 


S c(rix,.0)P, (X. de, 
X,x,,0) = = c(tlx,.0). 36 
c (tX, x,,0) SO c(r, ) (36) 
— Wichs, Olrlp CX. r]x,.0) 
W(t|X,x,.0) = -W(c(|x,.0)0. 7 
ON. x0) SO (c(t{xy,0),t), 8 


taking into account that cb, OI is the deterministic function, (20), (34). We 


conclude that the expected Lagrangian reactive scalar C (f [x,.0) and mixed 
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Lagrangian-Eulerian scalar SUKA X,,0) coincide with its instantaneous value 


eis, OI 


C (X, x,,0) = c(1x,,0) = c(rx,.0) , (38) 


and, consequently Cu, D and C(f|X,x,,0) do not depend on the space 


coordinates X . 


4. EULERIAN FRAME 


4.1. Instantaneous Eulerian Quantities 


Instantaneous Eulerian fields are found using the following expressions, 
e.g. [3] 


c(X,)) = ex (.0,0)- [etx 0)ó (X, -x)d?x,. — G9 


Xo 


u(X,r) = val (X.0,0) = | vako OEE,- xd — 0) 


Xo 


W(X,t) -W(rk(X.0,0)— [Wa|X.x,.0)6(x, (X. 0) - x,)d?x, . 41) 


Eqs (39)-(41) can be recast to the form 


(Xt) = [erbx,.0)óCXGIx, 0) ECH (42) 


Xo 


u(X,1) = | vako ët uk, (D - X)d^x, , (43) 


Xo 
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W(X,t)- f WAX, x,.0)ó(X(rx,.0) — X)d'x,, (44) 


X0 


by virtue of incompressibility condition j =1, (12), (27). 


4.2. Expected Eulerian Quantities 


Ensemble averaging (42)-(44) yields 


x,,0)d^x, , (45) 


(X,d) = [ea]X x, )P X,t 


Mu 


(u(X,1)) = [va|X, x.) P. (X. t 


X0 


X,,0)d^x, , (46) 


x,,0)d"x, . (47) 


(W(X) = [W aX x, 5. (Xt 


The turbulent flux (uc) is presented by the following expression 


(uc) = Tee, P (Xt 


X0 


X),0)d°Xo , (48) 


where vc(t|X, x,,0) is the mixed Lagrangian-Eulerian turbulent flux. The 


shorthand notation 


set, a, tte, et rs (49) 


is used. 
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5. GOVERNING EQUATIONS FOR MEAN MIXED 
LAGRANGIAN-EULERIAN QUANTITIES 


Let us multiply (17) by ó(X( x, 0) - X) 


c(rx,.0) 


ô 
AXK 0) - X) — = Wick, Dë gie, Ui — X). (50) 


Eq. (50) transforms to 


aCe) m) d, o) UR x ELSE W(thx,,0)}8(X(tx,,0)-x) SD 


66(X(t|x,,0) - X) 


reads 


The time derivative 


Ot 
5(X(tx,,0)—X) — 00(X(x,.0) - X) OX(rx,.0) — 00(X(tx,.0) - X) v(th,,0) 
at OX et CN ps 

and then it transforms to 

09(X(tx,,0) — X) 7 Ov(t}x,,0)5(X(¢|x,,0) — X) (52) 

ôt " CN ! 

by virtue of Eq. (16). Finally Eq. (52) becomes 

65(X(t|x,,0) — X) j Cvt, Déb, Di — X) m T 


Ot OX 


Eq. (51) transforms to 


E + E v(t di? x,.0)ó(X(rix,.0) — X) = W(rlx,.0)(X(1x,.0) - X). (54) 


by taking into account (53). Ensemble averaging (53), (54) yields 
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OP, (X, t|x,,0) S OX, x,.0) P, (X, tlx,.0) _ 
ôt ox PUN 


(55) 


&c (t|X, x,.0)P, (X, tlx,.0) Ovc( X, x, (e, 
at ax 


=W (X, x,.0)P, (X,tx,.0) > (56) 


where the shorthand notation (49) is used. 


Integrating (55), (56) over whole values of X, results in 


Vx :(u) 20, (57) 
TO e (uc) - (W), E 


taking into consideration the normalisation condition of P, (X, t 
and Eqs (45)-(48). 

Eqs (57) and (58) are the expected incompressibility (3) and the 
advection-reaction (1) equations, respectively. 

Let us derive from (55), (56) the equation for the expected mixed 


Soll, (25), 


Lagrangian-Eulerian scalar € (f|X, Su HU). To this end, let us decompose the 


Lagrangian velocity and the scalar fields as follows 


v(1x,.0) = VAX, x,,0) + v'(r[X, x,.0) . (59) 


elle, D £X, x,.0) +X, x,.0) (60) 


where v'and c' are the fluctuations relative to the expected mixed 
Lagrangian-Eulerian velocity and scalar, respectively. Therefore the expected 


mixed Lagrangian-Eulerian fluctuations V' and c', introduced by (59), (60), 
are identically equal to zero 


ehe (et, — FEX, x,.0))6 Eu, 0) - X)) eer 


vit 
P, (X,tx,,0) 
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((c(rix,.0)- &q|X.x,.0))óCXG|x,.0) - X)) 


=0, (62) 
P, (X.tx,.0) 


c'(t 


X,x,,0) = 


by virtue of (31), (32). 
The mean mixed Lagrangian-Eulerian turbulent flux vc(t|X, x,.0) 


becomes 


vc(|X, x,.0) = VOX, x. Oye EX, x,.0) + v'e'(t 


X, X, ,0) H (63) 


using (59)-(62). 
Inserting expression (63) into Eq. (56) yields 


C(t 


X.x,.O)P(X1%,0) OER, Ov'c (tX, x,.0)P, 
at ox ox 


-Wa x0) (64) 


X,x,0) P, (X, t 


Developing two first terms in the LHS of (64) results in 


Wa 


E y Z dé dv'c'(tX,x,,0)P 
Qo Rem oc v'c( Xp DP, 


$ x,0) (65) 
Ot ox Ot ox ox 


X,X_,0)P, (Xt 


Finally (65) transforms to 


GERS 1 Sedan, 
ax P, ax 


Oc (tX, x,.0) 
ot 


EUR, tW (1|X,x,,0)> (66) 


taking into account (55). 
Eq. (66) for the expected mixed Lagrangian-Eulerian scalar C(t Rx i 
contrary to Eq. (24) for the expected Lagrangian particle scalar c(rix,.0). 


contains the convective terms: second term in the left-hand side (LHS) and 
first in the right-hand side (RHS) of Eq. (66), similar to (58). 
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Eq. (66) shows that in general case, the time derivative of the expected 


mixed Lagrangian-Eulerian scalar c (IX, X,,0)is not equal to the expected 


mixed Lagrangian-Eulerian source W (iX, X4,0), i.e. 


Oc (t|X, x,.0) 


+ W UN. Sal. (67) 
Ot 

The discussion of the equations for the expected mixed Lagrangian- 
Eulerian quantities will be continued in the section 6, invoking the celebrated 
Taylor theory of turbulent diffusion [8], (detailed discussion can be found in 
[3]). But first Eq. (56) is applied to the case when the chemical source does not 
depend explicitly on the space coordinates. 

Then Eq. (55) becomes 
Gett 


Oc(t x,.0) P, (X,t 


ot 


x,.0) x,.0) 


X,,0) > (68) 


+c(t}x,,0) -W| 


x,.0)P.(X,t 


X,X,,0)P (Xt 
ox 


by virtue of (36), (37). Eq. (68) transforms to 


oP, Ov(i|X. x,.)P, 
ôt ox 


+ c(t x,.0) 


Geib, A) 
P, ao = Wl, IP . (69) 


We suppressed the variables in P, (X, d, HU). The second term in the 


0° 
LHS of Eq. (69) is equal to zero by virtue of Eq. (55), and Eq. (69) becomes 


Gets, 


SS W(c(tlx,.0), t). (70) 


Eq. (70) is nothing but (20). 
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6. APPLICATION OF TAYLOR THEORY 
OF THE TURBULENT DIFFUSION 


Taylor proved [8] that for the random Gaussian Lagrangian velocity field 


v(t Ix,.0) the following formula is valid 


OO (0 


OP, (X,t 
ox 


V(t 


X,X,,0)P, (X,t 


x,.0) = -D, (VP, (X, tlx,,0) = -D, (t) 


where the turbulent diffusion coefficient D,(t)is determined by the 


Lagrangian velocity autocorrelation function B, (7) (e.g. [3]) 


D,(t) = [Bode = fR Oar, 
B, (T) 


Wi 


The turbulent diffusion coefficient D, (t) depends on the elapsed time t 


B,(r)- 5 (vix vis, D. R, (T) = (72) 


(it is assumed that the initial instant; = 0). Hence Eq. (55) becomes 


X, ,0) ©’ P (X, t|x,.0) 


OP, (X,t 
—————— = D,(t) 
Ot ox’ 


= D,(t)AP,(X,t Xo,0) ^ (73) 


where A= V. V = V! is the Laplace operator (Laplacian). If elapsed time is 


much larger than Lagrangian integral timescale of turbulence T, (defined by 


(74)), t >> T, , the expression (72) reduces to 


D, (t) ~ D, (9) = (u^JT,.T, = |R, (07. (74) 
0 
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where D,,(00) = (uw y, is the asymptotic value of the turbulent diffusion 


coefficient. 
It is readily verified that the solution of Eq. (73) with the initial condition 
(26) is a Gaussian function 


l (X- x)? 
P.(X,t\x,,0) = : E 
mm (270 (1) ^ zl 20° (t) | 
ei -2|(- 0B, (dr. (75) 


Eqs (64) and (66) reduce to 


Oc P, Sp ô ( OP, = Ov'c'P, +WP,, (76) 
Ot oX \ OX OX 
Oc — 1 OP, 0c 1 Ov'c'P, LW. (m 


o "P, XX P, o 


taking into consideration Eq. (73). 
Let us transform the first term in the RHS of Eq. (76) with the aid of 
identity 


P ; (78) 


Eq. (76) becomes 


= EES - EU = 
OCP, ` D dch A 3 Ov'c'P, +WP,. 9 


D 
ôt T ax? ' OX. "on ox 


Developing the second term in the braces in the RHS of Eq. (79) 
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ð ay ee (80) 
ox OX) OX OX OX 
yields the equation equivalent to (79) 
CEP, "cp ôP, óc ee ovcB| = 
—— =; D) —} - D, +— -P D, — -——,; + WP. (81 
ôt o "eo "oi o PES 


Eq. (81) (or its equivalent Eq. (79)) is the expected mixed Lagrangian- 


Eulerian counterpart of expected Eulerian Eq. (6). The chemical source W 
enters into the RHS of Eqs. (79), (81) explicitly. The terms in the braces in the 


RHS of Eqs (79), (81), are due to the turbulent velocity field (through D, and 
P, ) and the chemistry (through C ). One can guess that the terms in the braces 
in the RHS of Eqs (79), (81), are linked with the turbulent flux (uc). It is 


indeed the case, as it will be seen soon. 
The terms in the braces in the RHS of Eqs (79), (81) only redistributes the 


product E P, in the coordinate space X . This conclusion follows from the fact 


that the integral of the quantity CP, over the whole space X, Lora is 
X 


conserved, because the integral of the braces in the RHS of (79), (81) over X 
is identically equal to zero 


d'X-0. (82) 


f p.e em D, O pe Ov'c P, 
s ox’ OX OX OX 


Indeed, the integrand of Eq. (82) is the divergence of the following flux 
vector 


F, = D(V.(Bc)- BVyc)- vip. (83) 


The integral (82) over the whole space can be considered as a limit of the 


integral over bounded space region V, , e.g. a sphere with a radius R large, as 
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desired. Then the volume integral (82) can be transformed to the surface 
integral using Gauss-Ostrogradsky theorem 


[V.EdX- [F,-n,dS,=0, Ro, 

Vn Sr 
where n, is the outward unit normal to the surface S, of the sphere. The 
surface integral in the last expression tends to zero letting R — oo . Indeed, the 


flux vector F, includes the transition probability density function 


PX, 


Se) . For arbitrary, but fixed value of X, we can chose the radius of 


sphere Rlarge as desired, that E, — O0, taking into account that 
P, (X,t 


So DI — 0 in the limit |X- xj| oo. 
To elucidate the result (82), let us present the turbulent flux (uc) using 
the expected mixed Eulerian-Lagrangian quantity vc(f IX, X,,0) (48) 


(uc) = [ ve(t|X,X,,0)P, (X, tlx,.0)d?x, = [¥e.P.a°x, + [ve'P.a°x, , (84) 


Xo Xo Xo 


where the correlation Vc is decomposed according to Eq. (63). The first term 
in the RHS of the second writing (84) transforms to 


OP, = 73 
aX cd'X,, (85) 


[vcP,.ax, = -[n. 


X0 


by virtue of the Taylor formula (71). 
Thus the expression (84) for the turbulent flux becomes 


ôB- = H c= 
(ue)= |(-, Zee WEP, |, = i( D, X E ER, is 


Xo Xo 


x,,0)d"x, , (86) 


ô c= 
(uc) -- D ln sake 
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because (c(X,t )) = [cna "X, by virtue of Eq. (45). We remind that D, and 


P, depend only on the turbulent flow, by virtue of the assumption of a 


constant density (it is assumed that the turbulence is not affected by the 
combustion, passive reactive scalar). Chemistry enters into Eq. (86) implicitly 


through c and the correlation v'c' . 
The spatial divergence of the turbulent flux (uc) given by Eq. (86) then 


reads 


2= = vl 
E cA De (^ x) ERR s. 


ex? "ex ^ex ox 


L 0X ox 


2 = T+ 
m. 9. jh, 0 (^ Lien m 


Comparing Eqs (87) and (79) we conclude, that the integrand in the Eq. 
(87) and the terms in the RHS of Eq. (79) in the braces differ only by the sign. 
Hence the terms in the braces in RHS of Eq. (79) with the sign minus is 


nothing but the integrand of the divergence Vy - (uc) : 


The equation for the mean reactive scalar in the Eulerian frame follows 


from Eq. (79) after integration over X, 
DOE S (uc) - (W), (88) 


by virtue of Eqs (45)-(47). The divergence of the turbulent flux Vy -(uc) is 


given by the relation (87). 
To conclude, we proved that the turbulent flux is presented by the relation 


(85) 
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Old oo , 


TEN h «fos € ve : 


Xo 


where the integral term in the RHS is not equal to zero in the general case. We 
can introduce formally the turbulent diffusion coefficient p for the case of 


the reactive scalar c by the expression 


fuc) =D, + Je Zen 


p 99 


The integral term in the RHS of Eq. (89) is not equal to zero in the general 


case, therefore the turbulent diffusion coefficient D' of the reactive scalar C 


is not equal to Taylor turbulent diffusion coefficient D; (f) 
Defi, 


Let the chemical source does not depend explicitly the space coordinates. 
Then Eq. (48) transforms to 


(uc) = [ve 0)dx, = [v 


X0 X0 


O)c(rix,.0) Pd x,,. (90) 


taking into account (36) and that c(t GË is a deterministic function, (20), 


(38). Expression (90) becomes 


0 1 


Oe 
=- | D Oca, 5 x --D.0-—. QD 


Xo 


OX 


applying the Taylor expression (71) and (45), (36). Eq. (6) transforms to 


O(c O(c 
— o 
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i.e. the expected reactive scalar (c) diffuses with the same turbulent diffusion 


coefficient D, (t) as an expected inert scalar. 


Eqs (56), (64), (66), (76), (77), (79), (81), (86) are new. They are the 
principal result of the analysis conducted in the section 6. 


7. THE TURBULENT PREMIXED FLAME 
IN BML APPROXIMATION 


7.1 Equations for Mean Lagrangian, Eulerian and Mixed 
Lagrangian-Ealerian Quantities 


As was already stated in the section 2 the Bray-Moss-Libby (BML) model 
for the turbulent premixed combustion [4] (e.g. [5], [6]), is based on the 
assumption that the flame front thickness is negligibly small in comparison 
with the length scales of the turbulent velocity field. In such a limit the 
progress variable takes only two values c = Qin the reactants and c = | in the 
products, i.e. the probability of observation of intermediate values O < c «1 
which is proportional to the flame front thickness is neglected. In other words, 
the infinitely thin flame front separates the reactants and products. The flame 
front propagates with the normal velocity of flame propagation S, , supposed 
below to be constant, without loss of generality. The combustion signifies a 
jump of the progress variable c from c — Oto c =1. This jump takes place 
when the flame front hits a fluid particle in the reactants. 

For the sake of simplicity we consider a statistically planar 1D flame 
propagating from left to right in a spatially homogeneous turbulence not 
affected by the combustion, i.e. passive reactive scalar. We assume that at 


initial moment f = Othe products and reactants occupy the left half-space, and 
the right half-space, x, > 0 , respectively. Therefore the initial distribution of 
the combustion progress variable is a step function 


C (x) -1- H(x$). (93) 


where H (p) is the Heaviside step function equal to zero for  « Oand unity 
for op» 0. 
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The common Cartesian components of the vectors X and X, are used 


below, i.e. X = (X,Y,Z), X, = (X. Yo» Zo) . Eq. (24) reads 


Gelle, 0) 


E =0, x) <0 (94) 


for the fluid particles in the products, x, <0, where c(t = Ox, ,0) «1, and 


activo) A (95) 
Ot 
for the fluid particles in the reactants, where c(t = Ox, ,0) 2 0. 

A notation f. (x) stands for an instant when the flame front hits a particle 
in the reactants, x, >0. The hitting time is a functional of the fluid particle 
trajectory, and depends also on the initial particle position X, , and the laminar 
flame velocity S, . For simplicity of writing the dependence of the hitting time 


Ié (x,) on the functional of the particle trajectory will be suppressed. 


For the particles in the products 

t(x,) 20, x, «0, (96) 
because they are already burned in correspondence with the initial condition 
(93). 

Eqs (94), (95) can be put together 


to) =W(t,x,). (97) 


where 


W(t, X,) = H (x,)ó(t — t.(X, ) (98) 


26 V. A. Sabelnikov 


denotes the chemical source. The chemical source Wir s as it is follows 


from Eq. (98), depends on the hitting time, and consequently it is a random 
function. 

Eq. (97) is solved with the initial condition (93). The solution of the initial 
value problem (97), (93) reads 


clix, 0)= (1-H (x,)) +H) f olr fa, Ne = 1-H (x,)) +H (x, A (t-1.(x,)) 09) 


0 


Averaging Eqs (97), (98) yields 


SE -W(r.x,) - Hië 1. x,)) - Hin td, (100) 


W(rx,)-H ERGOE (101) 


where D(t 5.0) is the conditional Lagrangian probability density function of 


hitting time defined as follows 


Dix 0) = Slt — t. (x,)). t» 0.x, » 0. (102) 


It should be noted that D(t|x,,0) depends only on x}, by virtue of the 


assumption of homogeneity in the planes normal to X -axis. 
Averaging Eq. (99), or, what is equivalent, integrating Eq. (100), yields 


elle, Ou — H3) + HG [eC], 0X7. (103) 


ae J or. Did, x0 


l, x0 
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Lagrangian probability density function P,(c,tX},0) of the progress 


variable c takes only two values c =O and c —1. Therefore 


P, (c.t x,,0) = c(rbs.0)o(c — 1) -elx lte -1). (104) 


taking into consideration the expressions (99), (103). 
Let the initial coordinate of the particle in the reactants X, Xx, >Q, as 


large as desired, but of fixed value. Then Eq. (103) yields 
E(t = |x,.0)- [dri 01r — 1. x, > 0. (105) 
0 


by virtue of the normalization condition of the probability density function 


D(z|x,) . Eq. (105) means simply, that the particle in the reactants with fixed 
initial position X, will be finally burned. It should be stressed that the 
assumption of fixed xX, is important. Indeed, let us rewrite Eq. (105) in the 


form of the following limit at fixed x, : 
T. 
lim c(T|x,.0)— lim [e|x,. Me =1, x, > 0 fixed. (106) 
Too To 0 


Let us analyse now what happens with (106) if the restriction on the fixed 


value of X, is disregarded. In other words we would like to know the limit 
behaviour of e(T|x,,0) in the double limit T — oo, x, — oo. This double 
limit depends on the order in what we carry out the limit, i.e. either xy — oo 


then T — oo, or T — oo then x, — oo. In the first case we obtain instead of 
(106) 


T 
lim lim c(T|x,.0)- lim lim f ojx, 0dr =0, (107) 
0 


To xy —00o To xy —00 
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i.e. the fluid particle in the reactants will be never burned. 
In the second limit 


lim lim c(Tx,.0)- tim lim P(r|x 0dr =1, (108) 


X990 T ed Xo 9% T oo 


i.e. the fluid particle in the reactants will be eventually burned. 
We turn now to the analysis of the Eulerian progress variable field 


C(X, t) . Inserting the instantaneous Lagrangian progress variable c(rx,.0). 


given by Eq. (99), into the expression (42) yields 


c(X,r) = |0- H (x) 5(X(xo,0) - X)d*x, + 


i . (109) 
+ | [noo -1.)ocxalxs. 0) - X)d dx, 


0 xo 


Averaging (109) results in 


t 


x, O)dx,dy,dz, + if Inc, 
0 -0—0 


0 0 —oo— 


X, O)d zdx,dy,dz, (110) 


(c(X,1)) =(c(X,1)) = MOS 
d’x, = dxydyodz, 


where P(T; 


To Ui denotes the conditional joint Lagrangian probability 


density function 


0) = (&(z —1.(x,)ó(XQx,.0) -X)) x, » 0, O< z <t (111) 


of an event that a particle which starts at initial time f =O from the position 
Sain the reactants, hits the flame at time 7 , it is burned and then it arrives at 


time fto the position X . It is worth noting that in the definition (111) the time 


variables are in the following order O0 « 7 <t. 


following reduction properties 
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X0,0)dT = P.(X,tix,.0), (112) 


J P(t; X,t 


Inte aM = @(z|x,,0). (113) 


Expressions (112), (113) follow readily from the definition (111) of 
P(t; X,t 


values of T 


X,,0). For example, to prove (112) we integrate (111) over all 


[late -t(x o CXG|x,.0) -Xar = (8(XGx,.0) - X)) = P, OR, (114) 


using first the property of the delta-function, and then the definition of 
P. (X,tx,,0) , (25). 


Carring out integration in Eq. (110) in the transverse plane over whole 


values of yo and z, yields 


0 t 


(c)(X,1) = (6,0) = [Gips 09x, + Tac. 


—00 


X),0)dtdx,, (115) 


where we introduced the 1D probability density functions 


X0) = Í [nox 


—o0—00 


P (X,t 


X,0)dy dz, . (116) 


X0) = Í [EX 


—00 —00 


P(r; X,t 


X,,0)dy,dz, . (117) 


Eqs (116), (117) follow from the assumption of homogeneity in the planes 
normal to x -axis. 


Eq. (115) yields the expression for c (f IX Eu 
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1,0) + Hx) [PG X.t 


0 


e(t x,.0)dc (118) 


X,x,,0) B, (X,t 


x0) 2 (1L H(x))P (Xt 


taking into account that (c)(X f) and cx ,X9,0) are linked by the 
formula (45) 


(c)(X,t) = [calx xo acr 


—oo 


x, 0d). 


Expression (118) for the mean mixed Eulerian-Lagrangian progress 
variable can be rewritten as follows 


C (£X ,x,,0) =(1— H(x,)) Hin) f PiX pes, (119) 
0 


[Pc|x.ix,.0)ar. x0 
0 ^ 


c(|X,x,,0) = (120) 
l, ox «0 
where 
P(r;X,tx,,0) (lr -£Ax, JJÓ(X(tx,,0) - X 
P(rX,t;x,.0) = (Am, E (c- x) CX 0) DT (121) 
P (X,tx,.0) (6(X(1x,.0) - X) 
P(r; KA = PG[X.5x,,0)P (X.1x,0), [ P(r]X,x,0)d7 =1 (122) 


0 


Pc. t;X,,0)is a new conditional probability density function 


introduced using Bayes theorem. Eqs (122) follow from (111) and (112), 
respectively. 


Eq. (120) for cx, X,,0) is the counterpart of Eq. (105) for CU à 
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The conditional probability density function P(T; X,t|x,,0) , according to 


(111) is the mean of the product of two random functionals of the velocity 
fieldu(X, t), ó(r -t(x ) and ó(X(x,.0) — X). Therefore the quantity 
P(t; X,t 
the decorrelation of two functional. Below only temporal decorrelation is 
discussed. P(r; X,t 


X,,0) has some characteristic time and length scales that describe 


X,,0) depends on the two time moments, T and f, 
E ee d It should be stressed that the correlation 
Lëlz —t.(x, J)écX|x,.0) -X) cannot be splitted (in other words, 
factorized) neither at t € T, nor at t >>T,. The claim for the first case, 
LESE. O0 « 7 «t, is evident, because of the correlation of the velocity field 
u(X, 7) in this time interval. In the second case, t >> T, , the splitting can be 
justified only if to the condition t >> T, it is assumed, additionally, that the 
difference f— satisfies to the inequality £—7 »» T,. Therefore in the 


second case the splitting is not uniform with respect to xo. Indeed, for each 
value of f, as large as you want, there is a particle in the reactants with the 


coordinate X, such that the flame front hits this particle at an instant? , such as 
t—t € T,. Therefore for this particle in the reactants there is a correlation 


between two random functionals of the velocity fieldu(X, f), 6 (c ed (x, ) 


and 5(X(¢|x,,0) — X). Recapitulating, it is shown that the following results 
are valid for the correlation (ó (c E (x, ye (X(t Ix,.0) — X)) 


(ole —1.(x,))6CXG|x,.0) — X)) # Lëtz —1.(x,))(6CXGx,.0) - X)). 
t ET, ,0«rc«t, (123) 


(O(c —1.(x,))óCXG|x,.0) — X) # (ó(r —1.(x,))(0CXG|x,.0) — X)) . 
t>>T,,t-T<T,, (124) 
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(ole —1.(x,))óCXG|x,.0) — X)) = (8ft —1.(x,))(6CXG|x,.0) — X)) . 
t >>T,,t-T>>T,. (125) 


Let us consider the limit behaviour of CU IX ,X9,0). (120) at 1 00, 
Xo > 0. Similar to the analysis of the expected Lagrangian progress variable 
c(t lxo ,0), (107), (108) there are some subtleties. Namely, the double limit of 
c(T|X ,X),0) at fixed X and x, — oo depends on the order, ie. either 


Xo — o0 then T — oo, or T — oo then xy — oo. In the first case the 


particle will be forever in the reactants, i.e. never burned, and (120) yields 


T —00 x9 —00 T —00 xg 00 


T 
lim lim CIR. zl = lim lim |P(r[X.tx,0 dr -0. — um 
0 
In the second case the particle will be eventually burned, and (120) yields 


T 
lim lim &(T|X ,3,.0) = lim lim [PG|X.t:x, dc =1. (127) 
0 


Xo 00 T—>0 Xo POT 


If there are no restrictions on the value of X , we assume that the 


following relation is valid at fixed x, 
t 
[PG|X.tx,0)4c = f(X — Urt; x,,0) . t£ — 00, (128) 
0 


where TL ul, ¢ = X —u,tis some monotonously decreasing function, 


f (o0) «1, f (09) « 0, u, is turbulent burning velocity (defined below, Eq. 
(150). 

Steady flame propagation is assumed in writing (128) in the limit f — 0o. 
Expression (119) becomes 
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C (tX ,x,,0) f (X —u,t;x,,0) . t 00, x, > 0. (129) 
Eqs (129), (45) yield for the expected Eulerian progress variable 
(c)(X,t) > F(X —u,t), (130) 


where 


F(X —u,t) = [rax — Haf: oU (X,tix,,0)dx, t oo. — (131) 


Xo 


Let us consider now the expected chemical source (W(X, t)) in the 


Eulerian frame. Averaging (44) yields 


(W(X,1) = [(Wa]X x, )6CXQ|x,.0) - X))a^x, . (132) 


Eq. (132) becomes 


(W(X,1)) = | Holt -t (xo JAXA -X)d^x,. 133) 


Xo 


using (98). 
Eq. (133) transforms to 


D LN ls (WU = [ H (x) P(t; X,tlx,.0)d^x, = [ H (xy) P(tX, 3X ,0) P, (Xt Ky,0)d°x,’ 


Xo Xo 


E E 


(WXX, D) =(W(X1)) = | PC X, 11x Ody = | PC 


0 0 


nid, 34 


X,t; X,0)P(X,t 


where P(t; Kr 
lines in (134) uses (121). 


X,,0)is given by (111), (117), the second rewriting in both 
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The knowledge of (WXX ,t) permits to find the turbulent transport term 
in Eq. (6) 


Ae) | v. (uc) mm. 


Ot 


Indeed, differentiating Eq. (115) with respect to time yields 


X30) 


0c) _ OF Corb 0) | erOP(r Xt 
» =Í ^ d is [xis s 


-0 00 


du. (135) 


Eq. (135) transforms to 


t œ 


jj 


00 


óc) -p, 62 JF 0) 


Ot 


dX, dtdx, +(W)(X,t)» (136) 


O)dx, , 


(w) 


O)dx, = PN 15%, 
0 


taking into account Eqs (73) and (134). 
Eq. (115) yields for the integral in the second term of the RHS of Eq. 
(136) 


0)dx, = (c) 


O)dtdx,. (137) 


Plugging (137) into the third term in the RHS of Eq. (136) results in 


ó ebe X hi P P(r X utis, 
2 EH TE E oO) D, (t - A a (wx, 138) 


00 


(w) 


O)dx, = [ PU|X t; xo, O)dx, . 
0 
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Comparison of Eqs (6) and (138) yields for the divergence of the turbulent 
flux 


m Vi. (139) 


He) UE 


A Dn AE X,t 
a : Lë 


0 


The integral term in Eq (139) is not equal to zero identically, because its 
integrand 


OP(r; 0 Dm O° P(t; 


Ot ox’ 


0) 


#0,x,>0. (140) 


Inequality (140) is the consequence of the fact that the correlation 
(é(r -1. (x, Je(Xa|x,.0) - X)). Xo > Q, can not be splitted uniformly with 
respect to xy, Eqs (123)-(125). To elucidate (140), let us consider for 


determinacy the case t >> T, , and assume for a moment on the contrary to 
Eq. (124), that the correlation 


UE (lt —t, (x, SCX (A}x9,0) — X)) can be splitted, i.e. the 


approximate expression 


(é(r -t(x ët Ets, Ui — X)) ~ (ó(c —1.(x)))(6CXG[x,.0) — X)). 
t>>T,, (141) 


is valid, regardless of the value of the difference £— 7 with respect to T, . 
Then Eqs (111), (121) become 


0) = (&(z —t.(x,))oCXQx,.0) — X) = (alr -t(x DI SOU, - X) » 


P(t; 


OECD 


0), (142) 


0) 


P(r[X.rx,,0) = 0) 


= Q(r|x,,0) . x, » 0. (143) 
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Plugging (142) into the integrand in (138) results in 


ð e 
(2. oS rex 0) = cof TE «0, 


Tall, 30 (144) 


by virtue of (73). 
Then Eqs (138), (139) transform to 


REY ase 6) 
F ~ Dt E +(W\(X,t), (145) 
Hugen (146) 


ox? ' 


taking into consideration that the turbulent diffusion coefficient D,(t) (72) 


reaches its asymptotic value (74) at t >> T, , i.e. 
D,(t) & D, (œ) = (u^ ym, . (147) 


We conclude that, the application of the splitting hypothesis (141) at 
t >> T, results in the Eqs (145), (146), i.e. the expected progress variable (c) 
would diffuse with the same asymptotic turbulent diffusion coefficient as an 
expected inert scalar. But this result is incorrect, because the splitting 
hypothesis (141) is not valid at ¢ >> T, uniformly for all values of x), as was 


explained above in the discussion of the splitting hypothesis after the 
expressions (123)-(125). In short, for each value of t, as large as desired, a 


value of X,exist that the flame hits a particle at an instant? , such as 


t — t <T, . Therefore there is a correlation between two random functionals of 


the velocity field u(X,t) Slr — t.(x,)) and ës, DI X). The 


probability density function P(T; 
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(141), (142), and (140) is verified. As a consequence the integral term in (138) 
and (139) is not equal to zero. 
We conclude from Eqs (139) and (140) that the expected combustion 


progress variable (c) does not diffuse as an expected inert scalar, i.e. with the 


turbulent diffusion coefficient D; (f) defined by (72). We consider in the 
Annex C with the aid of Eqs (138, (139) the case of the flame extinction which 
happens at some instant f,,,. It will be demonstrated that the transition of Eqs 
(138), (139) to (145), (146) after the flame extinction occurs during a 


relaxation time which is of the order of T, . 
Let us return to the discussion of the mean source (W(X,t )) . Integrating 
Eq. (134) over the whole X yields 


UO EN -{ RES 


—0 —o 0 


xOydxdX = lët, Diels, (148) 
0 


by virtue of (102), (116). 

The turbulent burning velocity u(t) is equal, by definition, to the spatial 
integral of the mean source 

up(t)= | (W)(X,ndX. (149) 


—00 


Therefore from Eqs (148), (149) follows that 
up(t) = [xs 0)dx,. (150) 
0 


Let us compare Eqs (134) and (150) with the corresponding results 
obtained in the framework of Eulerian combustion progress variable c(X,t) 
equation Eq. (5) (e.g. [5]. [6]). 


` 


Vc(X,t)| = EGE, t) -G,) VGE, t) 


W(X,0) =5, (|Ve(X.t) . (51) 
(W(X1) =s 
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[re] 


ur (t) - S, | (VX, Dax . (152) 


—oo0 


where S, is the normal velocity of flame propagation, c(X,t) = H(G(X,t)) 
is the progress variable. The scalar G(X,t) > O verifies a field equation, [9], 
written below, Eq. (155). It is assumed that G(X,t) » 0 and G(X,1) < Oin 
the products and the reactants ( G — equation is considered in the paragraph 
7.2), respectively. G(X ,,1) 2 0is the equation for the flame surface. 
Comparing Eqs (134) and (150) yields 


(W\(X,t) BI 


x,0)dx, = S, (Vc(X.1) 


Jü (153) 


u, (t) = jocis. as, - sf (VX, Dax . (154) 
0 oo 


We recapitulate the principal new results obtained in the paragraph 7.2: 1) 
the expression (103) for the expected Lagrangian progress variable e(t E 0) , 
2) the expressions (110), (115) for the the expected Eulerian progress variable 
field (c(X, t)) , 3) the expression (118) for the expected mixed Lagrangian- 
Eulerian progress variable SDK? X,,0), 4) the analysis of the subtleties the 
double limit f — 00, X, —» © presented by the expressions (107) and (108) 
for E(t|x,,0), (126) and (127) for c (iX, X,,0). It is established that the 
result of such a limit depends on the order, i.e. either xj — oo then f — œ, 
or £ — 00 then xy — oo. 5) the expression (134) for the expected Eulerian 
chemical source (W(X,0) , 6) Eq. (138) and the expression (139) for the 


turbulent transport term, 7) the expression (150) for the turbulent flame 


velocity uy (t). 


Lagrangian Formulation to Treating the Turbulent Reacting Flows 39 


7.2. Derivation of the Equation for the Hitting Time Probability 
Function from G-Equation 


Let us consider an isoscalar surface Gy of a scalar field G(X, t) which 


moves normal to itself at a speed S, against a flow velocity u(X,f) . In what 


follows S, is assumed constant. The dynamics of the surface is modelled by 
the following IB VP [9] 


?8 Lu.vG - s, vG]. VG|= OS ee. (155) 
Ot OX, OX, 
G(X,t =0) = G,(X). (156) 


The particular choice of CG, (X) 


G,(X)--X 


in 


for statistically 1D premixed flame, as was shown first time in [9], plays an 
important role in the theoretical analysis of IBVP 

There is an implied summation over the repeated indices. Eq. (155) is a 
field equation, and its common name is G -equation. If applied to premixed 
combustion, the surface G, is associated with the flame front. It is assumed 
that G(X,f) >G,and G(X,t) « G, in the products and in the reactants, 
respectively. Initially, according to G, (X) — —X , all level surfaces of 
G(X, t = O) are planes normal to the X direction. For simplicity of writing it 
is assumed below that that Go = O , and, consequently, the initial laminar flame 
position X , (t = 0) =0. 

Once IBVP (155), (156) is solved, the field G(X,t) defines the 


combustion progress variable c(X,1) as 


c(X,t) = H(G(X,t)), Vc(X,t) = (G(X, tV G(X, +t). (157) 
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The equation for cCX,f) , which readily follows from (155), (157) reads 

Oc 

a tw ve = sv. (158) 
t 


We are interested to solve the following problem. Let us consider a fluid 
particle in the reactants at initial time f = Qis at the spatial pointX,, x; zU 


in correspondence with the initial conditions (156). The question is: at what 
time this fluid particle hits the flame surface (in other words the isosurface 


G(X,t) =G =0), the evolution of which is described by the IVBP (155), 
(156) 


To answer this question let us consider the trajectory of a particle 


x(t lx,,0). The trajectory solves the following initial value problem (16) 


Sir? -u(X(rx,.0).:). (159) 


X(r -0x,.0)- x,., » 0. (160) 
Let us introduce the following function 

F(r) - G(X(ix,.0).:). (161) 
Then, as it is readily seen, a root of the equation 

F()- G(X(ix,.0):)- G, -0.x, » 0 (162) 


is the instant when the fluid particle in the reactants with the initial position 


X, hits the flame front. Let us denote this instant t, (x 0 ). The hitting time was 
already introduced in the section 7, Eqs (94)-(96). t SE is a functional of the 
fluid particle trajectory, and depends also on the initial particle position X, , 


and the laminar flame velocity S,. The fine-grained conditional probability 
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density function of f. (x, Jis ô (t =f (x, ). Eq. (162) permits to link this fine- 
grained probability density function with o(G(x(r Ix,.0} t ). Indeed we 
transform 5(G(x(r Ix, ol t J 


scitis au) - ort) (8 | a aal a 


OF 
using the properties of Ó function. The derivative E is equal to 


OF _ OX(t\xo,0) TR A gen 
Or Or Or 


where V xG stands for 


0G 0G 
VxG = Val, xt, o) : Vi z Kal o z ex. OX. Re 


X-X(rx,.0) 


oG 
Inserting or from (155) into (164) yields 
t 


ôF _ AX(tlx,.0) u(X( 
ôt ôt 


oi) -VG + S, IV,G|- S, VG] (166) 


taking into account that the first term in the RHS of Eq. (166) is equal to zero 
due to (159). 


OF 
Inserting the derivative E given by (166) into (163) yields 
t 


ó(r—1.(x,))- Stelle, Oe, (167) 
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Averaging (167) yields an alternative expression for the conditional 
Lagrangian probability density function dX x,.0) = D(t|x,,0) of hitting 


time 
Pex) = S, (IV xGje(G(X(r|x,.0).:)). x, > 0 (168) 


which is equivalent to (101) obtained earlier. 
Let us consider now the fine-grained conditional Lagrangian probability 
density function that a fluid particle in the reactants which starts at initial time 


t = O from the position X}, hits the flame at time? , and then arrives at time t 


at position X , introduced by (111) 
ó(r—t.(x,))CXG|x,.0) -X) .0 « c <t. 
Eq. (111) becomes using (167) 
&(r- tx.) CX x,.0) - X) = S, V Go(G(X(ix,.0) z )ó(X(tx,.0) - X). (169) 


Averaging (169) yields an alternative expression for the conditional joint 


Lagrangian probability density function P(T; X,t 
this section 7 by (111). 


Su UI, introduced above in 


P(t; X,tl,.0) = S, (V xGjé(o(X(rx,.0) c ët, - X)). 
0«r«t. (170) 


It is readily verified, using (163), that (170) satisfies the reduction 
properties (112), (113). 
For illustration purposes, let us consider a simple case of the absence of 


turbulence, i.e. the velocity field u(X,t) =O, and let G;, (X) 2 —X Then 
the laminar flame front is a plane which propagates throughout the reactants 


with the velocity A, from left to right. The front coordinate is equal to zero at 
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the initial time t =Q, i.e. X, — 0) 2 0. The scalar field G( X rand the 


trajectory of the particle X (f[x,,0) read 
G(X,t)=-X +S,t=-X+X,(t), X ,(t)- St. (171) 
X (1x,,0) 2 x, » 0. (172) 
The root of the equation G(X (1x,,0), f) = G) =0, i.e. 
G(X (11x,.0).0) 2 —X (1x,.0) + S,t 2 —x, + X ,(r) 20. (173) 
is a hitting time 


t (x) ch >0. (174) 
L 


Hence introduced above by Eqs (102), (111) and (121) the conditional 


Lagrangian probability density functions d(1x,.0) . P(t; X,tx,,0) and 


P(t|X ,£:X,,0) reduce to d -functions 


Da0) 5, lv, Go(c(x( 


TEEN 175 


L 


P(X,t 


x,,0) = OLK — x). 


X),0) = i-i 


L 


P(r;X,t 


pa - x) , bt Jä, » 0. (176) 


L 


Then the relations (103), (120), (115) yield 
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e 


X,x,0) 2 (L- HQ) nal = d -H(si-x)-H(x,()-x). — q7D 


L 


c(t 


L 


X,x,.0) -a- yero) = H(S, -x,)- H(X Jl 178) 


(c\(X,t)=(1-H(X))+ Hla - = =H(S,t-X)=H(X,()-x), 179 


L 


respectively. 


8. APPROXIMATE EXPRESSION AND EQUATION FOR THE 
MEAN PROGRESS VARIABLE 


8.1. Approximate Expression for the Mean Progress Variable 


It should be stressed that the integration in Eq. (109), which is the 
consequence of (42), is performed over all values of X,, in other words the 


integration domain is fixed and does not depend on time. Eq. (42) can be 
transformed to the different but equivalent form with the integration over 


random time dependent volume V, (f) , containing all products at the instant t 


(X, = [6(XG|x,.0) - X)d^x, .x, e V). (180) 


Wat") 


The random volume V, (f) is the sum of the volume of the products at the 


initial time £ — O (the half-space x, « 0) and the part of the volume of 
reactants at the initial time the particles of which were hit by the flame front 
during the time interval [0.: | and burned, i.e. the jumps from c 2 0to cl 
took place. The temporal rate of change of the instantaneous volume V, (t) is 


obviously obeys the following equation 
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dV,(t) 
——— =S A(t), 181 
3: LA) (181) 


where A(t)is the area of the overall instantaneous flame front. A(t) depends 
on the turbulent velocity field and S,. It is a functional of the turbulent 
velocity field u( X, t). 

It should be noted that the relation (180) looks simpler than (109), but it is 


deceptive conclusion. Indeed, such operations as taking time derivative and 
performing averaging is much simpler with (109) than with (180) because of 


the time dependence of the random function V, (f) . Contrary to (180) the 


averaging (109) is directly applied to the integrand, Eqs (110), (115). 
The averaging (180) results in 


(XXD =| [80x arb.) -Xd ) x, eV. (182) 


Watt) 


The expected random integral (182) depends on the two statistically 
dependent random functionals of the velocity field u(X,t), 


O(X(t x, ON — X) and V(t). There is no general approach to calculate this 


kind of expected quantities (182). 
Because of this difficulty, to appreciate the goodness of (182), let us, as a 
first rough approximation, neglect by the statistical dependence of 


O(X(t [x,,0) — X) and V, (t) . Even it is highly difficult to estimate the error 


introduced by this assumption, we would like to see what conclusion can be 
reached with it. According to the assumption of statistical independence of 


O(X(t IX, ,0) — X) and V, (t) , (182) transforms to the approximate equation 


(cs Tags, id, Jk. 183) 


(Vo 0) (Vo (t)) 


Eq. (183) was postulated in [2] without justification. Analysis, conducted 
above, shows that Eq. (183) is not strict equation following only from BML 
model [4], but includes implicitly an additional assumption - neglecting the 


statistical dependence of (X(t x, 0) —X)and V(t). 
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If the transition probability density function P, (X,f/X),0) is assumed 


known, the problem of finding the mean Eulerian progress variable (c) CX, t), 
in the frame of (183), is reduced to the calculation of the expected volume 
(V, (t ) . One can guess that it is linked with a mean flame position. 


Authors [2] derived from (183) an equation for mean progress variable 
(c)(X, t) invoking Taylor theory of turbulent diffusion [8], (73). We do not 


pursuit this derivation and limit ourselves in the next section by the 
consideration of 1D statistically planar turbulent flame. 


8.2. Approximate Equation for the Expected Progress Variable 


Let us consider a homogeneous isotropic stationary turbulent flow. Let the 
mean flame brush propagates from left to right in the positive X - direction. It 


is assumed that the right boundary of the expected volume (V, (t)) is the mean 


flame coordinate (x f Xe) , [2]. Then Eq. (183) becomes 


(Xj) (X) 
(XX. ns [xax -— Kid, = |P (Xt 


—00 —00 


Xy0)dx,, — (184) 


In what follows the exact equality sign will be written in (184). 
Taking time derivative of (184) yields 


alc) qon TI 
Ot dt 


x, 7 (X,40). (185) 


The second term in the RHS of Eq. (185) can be recast to the form 


Wie, De, ai Al. aso 
P,OGt(X ,)0) J a J x T x J PX dd 
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taking into account (184), and the fact that for the homogeneous turbulence the 


transition probability density function P, (X,t|X,,0) depends on X — x, i.e. 


P P 
pp (187) 


P(X,t . 
ul OX OX, 


x30) = P(X -x,t 


The time derivative of (x um) is nothing but the turbulent burning 


velocity 


di X 
Ta (188) 


Combining (185)-(188) yields 


X) 
O(c Ms OP, O(c 
ie | = äs -urlt) Ca (189) 
“n ôt OX 

Let us transform the first term in the RHS of (189), applying the Taylor 
theory of turbulent diffusion [8]. According to this theory, P, (X,1x,.0) 


solves for 1D case 1D Eq. (73) 


OR O° P, (X,t|x,,0) 
= ees 


OP, (X,t 
OP, (X ei Du) 


190 
Ot OX SS 


where D,(t) is the turbulent diffusion coefficient. Inserting the temporal 


ou OP, 
derivative ` from (190) to (189) yields 
t 


(xs) a2 
O(c OP, (X ,tx,,0) 
au je ST vr dx, 


—00 


O(c Oc O(c 
DÉI p E (191) 
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The first term in the RHS of (191) was transformed with the aid of (184). 
We remind that (191) is written for the turbulent flame propagating from the 
left to right. 

Another derivation of Eq. (191) can be done from the equations derived in 


the section 7 neglecting stochastic character of a hitting time t, (x, ) , assuming 


that f. (x, Jis found from the equation 


ts (xg) 
x [uat = X (thx). (192) 


0 


(192) signifies that t. (x, )is equal to a transit time of the mean flame to 


the fluid particle in the reactants with the mean longitudinal coordinate x, . 


The derivation is presented in the Annex D. 

Eq. (191) is nothing but the equation obtained theoretically (for the 
constant density turbulent velocity field) by the Prudnikov as early as in 1960 
by a different method. Abridged presentation of this derivation can be found in 
[10]. Thus from historical viewpoint the credit to the derivation of (191) has to 
be ascribed to Prudnikov. Eq. (191) is a particular 1D case of the equation 
derived in [2] using a different method. 

To conclude this section, we summarise the main results and do the 
critical comments. 

1. Eq. (191) does not follow strictly from BML model. It is the 
consequence of the application of an approximate decorrelation hypotheses for 


the instantaneous volume of products Ma) and the fine-grade probability 
density function Ó(X(t x, ,0) — X) to the strict (in the frame of BML model) 
expression (182). Hence the derivations of (191) in [2] and [10] do not prove 
that the expected progress variable (c) , as one could conclude from the first 


term in the RHS of (191), is diffused with the same turbulent diffusion 
coefficient D, (t), as an inert scalar in the Taylor turbulent diffusion theory 


[8]. 
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2. For the same reason the second term in the RHS of (191) cannot be 


considered as the expected chemical source, i.e. WW zu 


Decorrelation hypothesis yields only the sum of two terms. 


9. DISCUSSION AND THE RELATION TO WHAT WAS 
PREVIOUSLY PUBLISHED 


Let us compare our results with the results of [1]. For convenience of the 
comparison the references to the Eqs from [1] will be written as (ZP. ) with a 


corresponding number. The correspondence between the notations: (c) oY, 
c-Y,1,-0, (W) =W. First we discuss the Eq. (76). To compare (76) 
with the results derived in [1], we rewrite Eq. (76) in the different form. 


Namely, we eliminate the term WP, from the RHS of (76) with the aid of 
(73). Eq. (76) transforms to 


Oc P, - p, PEERS p & 2D, OP, oc PD, Oc ) (193) 
ôt ox’ Ot OX OX ox’ 


Contrary to Eq. (76), the chemical source is hidden in (193). This 
particularity of writing (193) embarrasses the identification of the turbulent 
diffusion terms, as we will see soon. It should be noted that (193) can be 
obtained also directly from the equation for the transition probability density 


function (71), multiplying it by SDK? X,,0)and performing the 
transformations [1] 
ôP. c0 


c— =D ; 
ôt T oi 


(194) 
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ad 0c ô (OP, oc ôP, 0€ 
E TET -P, SDi e ae 
ôt ôt CNL ex ox OX 0X 
CP, óc OCP OP, CS Oe 
p — eq L 2D, E PD : 195 
ôt tao T X POX OX GX? SS 


The first term in the RHS of (193), from the formal viewpoint, can be 
interpreted as the single transport term, which is just the turbulent diffusion 
term. Indeed, the integral of this term over the whole space in (193) is equal to 


zero. Hence the integral f cP, dX is conserved by the action of this term. Thus 
X 


the first term in the RHS of (193) only redistribute the product a P,in the 


space X, similar to the analysis of Eq. (76) in the section 6. Contrary to the 
first term in the RHS of (193), the integral over the whole space X of the 
terms in the brackets is not equal to zero. Then it is tempting to consider the 
terms in the square brackets in RHS of (193), as a chemical source. Hence we 
could write 


(196) 


T P, T 
Ot OX OX 


we, =| p € jp, 9E. 9c p E| 
ox’ 


We introduced here the new notation for this source W, to distinguish it 


from the real chemical source W in (76), (77). 

Let us note that the identification of the chemical source based only on the 
observation if the integral over whole space X of some group of terms in (193) 
equal or not to zero is not unique. Indeed, let us rewrite (193) in the different 
but an equivalent form 


Sal E e [n 2j Lie GE xx (197) 


ôt ox? ox ta OX OX 


where (77) was used. 
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The integral of the terms in braces in the RHS of the Eq. (197) over the 
whole space Xis equal to zero. Then, similarly to the above analysis, we 
could define a new chemical source as follows 


(198) 


Ep (p € p, 98 9) 
at "es 


Obviously, the identifications of the source term presented by the relations 
(196) and (198) are quite different. Nevertheless the following integrals over 
the whole space X are equal 


jWnax-pwnex-[nf-n. les, aw 
x x xV EE OX OX 


by virtue of the identity (78). In addition to just described difficulty of the 
identification of the chemical source in the Eq. (193), another problem raises, 
if the case of the premixed combustion is considered. Indeed, both (196) and 


(198) do not guarantee identically that W, and W, are positively defined, 
which is necessary condition for the case of the premixed combustion. Indeed 
the source is greater that zero, W > Q , according to (5), (98). 

The authors [1] consider in the section B the general case of chemical 
source term on the base of Lagrangian approach and Taylor theory of turbulent 
diffusion [8]. The analysis is based on the use of the couple of the equations 
(ZP.8) and (ZP.18). These equations are equivalent to our Eqs (71) and (44), 
respectively. Then they used the transformation (194), (195) of the Eq. (ZP.8) 
multiplied by Y (=C) and integrating overX, they obtained Eq. (ZP.19), 


which, using our notations, reads 


He) p? e), p € 2D, oP, óc PD, £ d'x,. (200) 
Ot OX OX ox’ 


Eq. (200) corresponds to Eq. (ZP.19) from [1]. The authors of [1] identify 
the integral term in RHS of the Eq. (200) as the mean source term, i.e. 
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P. , PD 
* gt "XX OX) 


(w)=(w)=f 


Xo 


| ee 2D of oe x 321 (201) 


Expression (201) corresponds to the expression (ZP.20) [1]. Expression 
(201) is incorrect, because its consequence contradicts to the exact expression 


for the turbulent flux (uc) (86). To demonstrate this claim, let us integrate 


(76) over Soa, This results in 


Ser (a p [n A Nt rs et 


OX! 0X. "o ox 


EC 
OX OXV Ox OX 


X0 


, (202) 


by virtue of (44)-(46). We remind that, in correspondence with (87) the 
integral term in the RHS of the first rewriting of (202), and the sum of two 
first terms in RHS of the second rewriting of (202) with the sign minus is the 


divergence V - (uc) , (87). The turbulent flux (uc) is given by the expression 
(86). 

It should be stressed that the Eqs (200) and (202) are identical. The 
principal difference between two writings consists of: 1) the mean source 


(w) is hidden in (200), 2) the mean source (w) is explicit in (202). 


Equating the RHS of two equations (200), (202) yields the following 
identity 


Ja emn c e a xe 
A^ OX aX ox 


Xo 


If we assume now, as is done in [1] that the mean source term is given by 
Eq. (201), then Eq. (203) reduces to the following constraint 


hn EE f -D, dl, pn, (204) 
OX, ^X) ax OX| "o 


Xo 
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which has to be verified identically. Therefore the following constraint has to 
be satisfied identically at arbitrary spatial point X 


X,,0)d Se — const (205) 


oc = 
(eae vic jns 


The const in (205) is equal to zero 


const =Q. 


This statement can be proven by the method similar to used after (82). The 
integral (205) over the whole space X, can be considered as a limit of the 
integral over bounded space region V}, e.g. a sphere with a radius R large, as 
desired. Let us take the point X in the domain exterior to the sphere V}. Let 
the distance IX — Xol between X and all points X, inside of the sphere large as 
desired. Then the integrand of (205) tends to zero, taking into account that 
P (X, ds, DN — 0 in the limit |K—x,| oo. 


Let us to recapitulate the obtained result: it is proven that the definition of 
the mean source used in [1], (ZP.20) requires fulfilling identically the 
constraint (205). In other words, the assumption (201) (ZP.20) is simply 
hidden use of (204), (205). 

It is worth noting that the RHS of Eq. (205) enters into Eq. (86), the 


second term in the RHS of (86), for the turbulent flux (uc) derived in the 


section 6. Therefore the assumption (201), (ZP.20) corresponds simply to 
disregarding the second term in the RHS of Eq (86). Consequently, Eqs (86) 
and (87) become 


óc) 
=p, + 
(uc) ae (206) 
2 
(uc) zp 0 (c) (207) 
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respectively, by virtue of (205). The expressions (206), (207) are nothing but 
the gradient hypothesis for the turbulent flux (uc) ! Eq. (206) signifies that the 


diffusion of the expected reactive scalar (c) proceeds with the same turbulent 


diffusion coefficient D, (t) as of the inert scalar. 


It should be stressed that the constraint (205) can not be fulfilled in the 
general case. There are three cases which identically satisfy (205). The first 
case: the chemical source does not depend explicitly on the space coordinates, 


and, consequently, c(tx,.0) is a deterministic function that depends only 


from the elapsed time f and X,, (20). Then 


c = c(tx),0) EX, x,.0) ele, Olli, OO. e =0, (208) 


by virtue of (36), (38), (62), and it is readily seen that (205) is verified. The 
same conclusion follows from also (90). 

The second case: the advection of the inert scalar, i.e. W(c, X,t) 20, 
when (18) is valid. Third case: to apply the gradient hypothesis for the 
expected Lagrangian-Eulerian turbulent flux, i.e. 
to assume that 


oc 
‘c'=-D, —. 209 
ye 7 3x (209) 


Plugging (209) into the integrand of (205) results in 


gn pup a 


DP 
T "ew ox 


=0, (210) 


which is indeed equal identically to zero. 
The combined using Taylor relation (71) and the gradient hypotheses 


(209) for the expected Lagrangian-Eulerian turbulent flux v'c' results in 
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s ene, dem pc 5 cP 
fre 'c' IP, = = LUE RE pe (211) 


ox ox ^ T aX ` 


It should be stressed that the gradient hypothesis (209) for the expected 


Lagrangian-Eulerian turbulent flux v'c'does not follow from the Taylor 
theory. It is an additional assumption to the Taylor theory [8]. In the general 
case, including premixed combustion in the BML limit, the integral term in 
(76) is not equal to zero, and the turbulent advection cannot be reduced only to 
diffusion term (first term in the RHS of Eq. (76)). 

To conclude, the turbulent flux is presented by the relation (86) 


x,,0)d^x, , 


O(c Oc = 
nien s flor ese noce 


where the integral term in the RHS is not equal to zero in the general case. We 
can introduce formally the turbulent diffusion coefficient of the reactive scalar 
€ by the relation 


e 
x,.0)d^x, - -D° H (212) 


O(c) QU. = 
(uc) o ae lat aa ka 


The turbulent diffusion coefficient of the reactive scalar c(X,t Jis not 


equal to Taylor turbulent diffusion coefficient D, (t) 
D? + Dz, 


contrary to the claim of [1]. 


56 V. A. Sabelnikov 


Now we compare shortly the results obtained in the section 7 with the 
results [1], section C. Section C of [1] is devoted to the analysis of the 
premixed combustion in the BML approximation. Equation from [1] (one line 
above of (ZP.26)) in the limit £ — oo 


(e f , , e? "t f , 
a. | Ye x, xy, fo) dt cose x, x, ,t,)dt! =0 


is incorrect, because of the subtleties the double limit f — 00, x) — oo. The 
result of such a limit depends on the order, i.e. either xy — oo then f — œ, 
or £ — 00 then x, — oo. This is illustrated in the section 7, Eqs (107) and 
(108) for the mean Lagrangian progress variable CO, 0) , (126) and (127) 


for the mean mixed Lagrangian-Eulerian progress variable c (t|X, Sall. 


CONCLUSION 


The systematic approach to cope with the Lagrangian formulation to 
treating the turbulent reacting flows is developed The case a passive reactive 
scalar is considered, i.e. it is assumed that the turbulence is not affected by the 
combustion. The relations connecting: 1) the instantaneous and expected 
Lagrangian and mixed Lagrangian-Eulerian quantities, 2) the instantaneous 
Eulerian and Lagrangian characteristics, and expected Eulerian and mixed 
Lagrangian-Eulerian quantities are derived. The equations for the expected 
mixed Lagrangian-Eulerian quantities are derived. The Taylor theory of 
turbulent diffusion is applied to transform the derived equation for the 
expected mixed Lagrangian-Eulerian reactive scalar. The derived equations 
are employed to the consideration of the turbulent premixed flame. The 
discussion addresses an asymptotic case of an infinitely thin flame front 
(flamelet) that separates the reactants and products in a turbulent flow and self- 


propagates at a speed S, with respect to the products. The flame front hits the 


fluid particles of the reactants and they turn into the particles of the products. 
An exact analytical expression for the density probability function of the flame 
front hitting the unburned gas particle is derived with the aid of the well- 
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known € -equation (the level set method for tracking interfaces). An 
approximate equation connecting expected Eulerian progress variable and the 
Lagrangian transition probability density function is derived. Then an 
approximate equation for the mean progress variable is derived. This equation 
coincides with well-known in the theory of the premixed combustion 
Prudnikov equation. The principal results of the derivation are compared to 
what was previously published. 
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ANNEX A. THE CASE OF STOCHASTIC c,(X) 


We consider two cases of the initial value problem (IVP): 1) the initial 


random field c, (X)is stochastically independent on the velocity field, 2) the 


initial random scalar field is given at instant f,. The field c(X,,7,) is the 
solution of the first IVP, therefore it is stochastically dependent on the velocity 
field u(X, t). 

Let us consider the first IVP, assuming, without loss of generality, that 
chemical source is absent, i.e. c(X, t) is an inert scalar. Eq. (39) becomes 


c(X,r) = [e G6 (X. 0 -x,)d^x, , (Al) 


Xo 


ch zx Ox,,0)= cox, ). 


by virtue of (18). 
Ensemble averaging (A1) gives 


X,,0)d°x,, (A2) 


(X,t) = f (c (x,)6(x,(X.r) -x,))d^x, = f (c (x), (Xt 


Xo Xo 
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PX 


x,,0) = (6(x, (X, 1) -x,)). 
The correlation 
(e (Xp )O(% (X, 1) —Xy)) = (eG) (x, (X, t) —Xy)) (A.3) 


was splitted in (A2) by virtue of the assumption of stochastic independence of 
the initial field c, (X) and the velocity field u(X,t =0). 


Taking time derivative (A2) results in 


O(c OP, (X,t x,,0) 
a) = Í (Cy(Xq)) ————— — ^ SC KH (A4) 
Applying the Taylor theory (71-(73) 
OP (us _ Dm ô’ P, (X, t|x,,0) 
ôt J eX? — 07 
(A4) transforms to 
O(c 0^ (c 
AQ p o0) ^s 


i.e. the mean scalar (c) diffuses with the turbulent diffusion coefficient 


D, (t), defined by Taylor theory, Eq. (73). 

Let us consider the second IVP, formulating the following problem: a) the 
initial condition for the scalar c is taken at the instant f, >Q, b) this initial 
condition c(X,,f,) , in its turn, is the solution of Eq. (17) taken at the instant 
t. 


Then, similar to (A.1), we can write 
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c(X,t) = e(X,1,)5(X,(X)—X,)d°X, .1 > 0, (A6) 
X, 
where 
c(X,,1,) = [e (6G, (X,.1,) -x)) d^, . (AT) 


Xo 


Ensemble averaging (A6) yields 


(c(X,1)) = [(60,.006(X,0X.0 - X,)a?X, . (A8) 


X, 


The correlation (c(X,.1,)ó(X,(X, t)— Xj) in (A8) cannot be splitted, 


i.e. 


(Xpt AX EA -X,)) # (Xp (6(X,(X,t) -X,)) = (c(X,,t,))P, X,t 


X,,t,) (A9) 


because of the stochastic dependence of c(X,,1,) and Ó(X,(X,1) — X,) on 
the velocity field u( X, €). Therefore it would be incorrect to write that 


(c(X,1)) = IKEA - f(X), X 


X, X, 


X,,t)dX, (A11) 


and then to conclude from (A11) that the turbulent diffusion coefficient for the 
second IVP is equal to D, (f — f,) , and, in particular that it is equal to zero at 
instant f, . 


The correct result is obtained, if (A7) is plugged into (A6). (A.6) becomes 


E(X, D= | [e,(8(X, (1) - X )6(X (1x0) - X)d^x dX, . (12) 


Xx, 


Eq. (A12) can be transformed to 
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c(X,0)- [ fe G6 CXG|x,.0) - SEN (A13) 


Xx, 


taking into account the properties of the delta-function. 
The relation (A13) is nothing but (A1). Therefore the turbulent diffusion 


coefficient for the second case is equal to D; (f). This conclusion is evident, 


because, the second IVP is, in fact the first one, divided in two steps. 
Let us change slightly the formulation of the second IVP. Namely, let us 
introduce the following source into Eq. (17) 


Gel, Al 
Ot 


= 5(t -1,)e)(X,) cht = Ox, )= 0, (A14) 


where the random scalar field c,(X,). as in Eq. (A1), is stochastically 


independent on the velocity field. 
The solution of IVP (A14) reads 


c(rix,.0)- H(t -1 ka) (A15) 


Then the relation (39) yields 


x,.0)-X)d*x, (A16) 


(Xt) = [ [a (x)o(Xa|x, 0) Kn, = ln laun, gn 


Kn Mä 


Averaging (A16) yields 


(eX, d) = H(r-1) [fe (9) P. X,t 


Xo 


X,,0)d°x, , (A17) 


It is worth noting that Eq. (A17) is the particular case analysed in [11]. 
Let us derive Eq. (A17) from the general equations derived in the section 
7. To this end, we observe, that Eq. (A14) describes an evolution of the scalar 


in a Lagrangian particle, which starts at instant t = O from the spatial point X, 


with initial scalar value c(t - 0x, )- 0. and then at instant f — f,the scalar 


Lagrangian Formulation to Treating the Turbulent Reacting Flows — 61 


value at the particle jumps to Cool. Such a formulation of the problem 


corresponds formally to the premixed flame considered in the section 7. The 
expression for the conditional Lagrangian probability density function of 


hitting time ®(t [x,.0) , (102) becomes the delta-function 
D(t|x,,0) = é(t — 1). (A18) 


Therefore the conditional probability density function P(t; X,t GRO , Eq. 
(111) reads 


P(t; X,t 


x,.0) = Slr -t KO(X(¢x,.0) - X)) = ó(r 4), (X.x,.0).. (A19) 


Then Eq. (110) yields 


(e(X,0) = Ted, Dt 


0 x, 


x,,O)d?x,dr . (A20) 


Eq. (A20), after integration over the time variable, becomes 


(c(X.0) = H(t -n ) [(e G8) (80K .0) — X))a"x, » (A21) 


Xo 


by virtue of (A19). Therefore 


(e(X.0) = Hle -1,) fes (9) P Q1 


Xo 


x,,O)d"x, , (A22) 


i.e. Eq. (A17). Eq. (A22) coincides with (A.2) at f, > O0. Therefore the mean 
scalar (c(X, t)) in the reformulated problem diffuse with the turbulent 


diffusion coefficient equal to D; (t) at t > tj, but not with D, (t-t). 
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ANNEX B. THE SOURCE DOES NOT DEPEND 
ON THE REACTIVE SCALAR 


If the source W(c, X,1) does not depend on c, W(c, X,t) 2 q(X,t) 
then the IBVP (1), (2) reads 


Oc Oc 

—+u-—=4(X,1), Bl 
ag aX q(X.t) (B1) 
c(X.t =0)=c,(X), (B2) 


where g(X,f) is a deterministic function. It will be assumed, without loss of 


generality, that 


Co (X) =0. 

Then (17) transforms to 

ac 

FEAR CUT q(X(tx,.0),0 e, (x,) 0.1 =O. (B3) 
c(t - 0x,.0)- «(x;) - 0. (B4) 


The solution of (B3), (B4) is a functional of the particle trajectory 
Suls, and reads 


t 


c(ix,.0)- [a(Xcix). ear. (B5) 


0 


Let us replace (B5) by the equivalent expression, presenting 


d(X(rlx,).c) in the form of the following integral 


g(X(z|x,).7)=  g(X.7)5(X(z]x,,0)—X, a"X.. (B6) 
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(B6) is valid by virtue of the properties of the delta-function. (B5) 
becomes 


crx, o[x ex» f fan Xak- X M'Selt. men 
0X 


after changing the time variable T by f,. 
Inserting (B5), (B7) into Eq. (39) yields 


c(X,t)= f fa(X(z|x,,0), rjé(Xa|x,.0) - X)d^x,dr , (B8) 


(Xt) = f | a(t agin, 8, ën, - X)d" x d^ Kelt. (B9) 


respectively. Using the fact that the Jacobian is equal to 1, Eq. (12), Eq. (B9) 
becomes 


(X,t) = j Ia. es, Di - Xx, (X,.1,) -x)d x d" X,dt, . (B10) 
Eq. (B10) can be rewritten as 
c(X,t) = j [a(X,.5)6XG|X,. t) - ER EE (B11) 
d 
by virtue of the properties of the delta function. 


Averaging Eq. (B10) yields 


(X,d) » lais, A IEN Al, 0d el Kelt, (BI 


0 xo Xi 


where 
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P (X,t; X,t X00) = (6CXG|x,.0) - )ó(XG,[x,.0) -X,)).. (B13) 


Eq. (B12) transforms to 


t 


(cx) » | f fa(X..1)P, 


0 xo Xi 


X,,0)d*x,d°X,dt,, (B14) 


3X) OF (Xf, 


19 


using Bayes theorem, and then to 


X,,t,)d°x,d°X. dt, (B15) 


O)P,(X) 0 


1? p 


(X, t)) = [J fal (X,.1,)P, 
Ox)X 


01 


taking into account that according to (12) 


P, (X,t 


XR 


Soll = P, Dall 


Carring out the integration over X, in (B15) results in 


VIN. (B16) 


19 


(c(X,0)) = j [a(X..1.)P. 


0 Xi 


It is worth noting that Eq. (B16) follows readily averaging (B12). 
Taking time derivative (B16) yields 


vt) 4 "Xd. (B17) 


IE) 


BO fax, jac x «| Jal, dk 


X 0 Xi 


S ^p "Xd, (B18) 


20 DEEG vun «| fixa) AË 


Xi 1 


taking into account that 


Lagrangian Formulation to Treating the Turbulent Reacting Flows 65 


P,(X,t|X,,t) = (X - X,). (B19) 


Finally Eq. (B18) becomes 


5 i OP, (X,t X,,t 
£C qi s)» | [ax i) Ee ax ay ? KE) 


0 X, 
by virtue of the properties of the delta-function. 
Applying the Taylor theory [8], (71)-(73) 


OP, (X, |X, t OP, (X,tlX,.t 
Al 1 E, Al | ph) 
Ot ox 


= D,(t-t,)P, (Xt 


X,,t,), (B21) 


f 1 
D,(t-1) = | B, (Ode B, = SM TONN 


ti 
Eq. (B20) becomes 


a 0 P. (X,tlX,.t 
ae = d.t)» [ [Dy un P sa - (B23) 
0 X, 


The integral term in (B23) with the sign minus is the divergence of the 
turbulent flux 


(uc) e? 
OX 


OP, (X,t 
ox’ 


X,t) 


IEN d^X,dt,, (B24) 


0 X, 


as follows from the comparison with Eq. (6). 
Eq. (B23) can be rewritten as 


olc) (uc) 
Ot ox 


+ q(X.t). (B25) 
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t 


(uc) = SCH Ip nein L 


0 X, 


d? X dt . (B26) 


1? 


It should be noted that the turbulent flux, (B26) cannot be presented as a 
diffusion term 


(uc)=-2 D,(t t, 
0X 


ac ) 
= zD rO (B27) 


Io" Dt 


1 


even if q(X,,t,)= const . 


Let us consider a particular case 


q(X.t) = Y a,9(X - X, Jor -1,). (B28) 


k=1 


Eqs (B16), (B23) become 


(B29) 


k*"k 


(c(X,1)) = Sa J 


xn Saif foa- t,)5(R-X, Blr -t Tu r (B30) 


1 


If £ — t, 2» T, for all 1X k € N , then (B30) transforms to 


kN (4 

2d. (X,r) + D, (oo) qf [o(R quus (B31) 
k=l OX, 

elc k=N e ; 

TI qx t)+D, E? A — (B32) 
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ad (X,t) + D,( 24) (B33) 

am nr a CO r 
ee T Dax? 

The expected progress variable (c) , as follows from (B31), diffuses, at 


t —t, 2» T, for all 1<k <N , with the same asymptotic turbulent diffusion 


coefficient as an expected inert scalar. Asymptotic value of the turbulent 
diffusion coefficient is given by the relation (141) 


D, (co) - (u^, . 


ANNEX C. DIFFUSION OF THE PRODUCTS AFTER 
THE FLAME EXTINCTION 


Let t,„ > Othe moment of the flame extinction. Then the equations for the 


progress variable (94), (95) become 


cix, 0) 


-0 Cl 
a (Cl) 


H 


for the fluid particles in the products (initially placed in the half-space x, « 0 


, where c(t = Ox, ,0) =1), and 


Ac(t{x,,0) 


aq HH ten - t)5(t — t.(x,)). (C2) 


for the fluid particles in the reactants (initially placed in the half-space x; » 0, 
where c(t = Ox, ,0) 2 0). 
i" (x,) stands for the time when the flame front hits the fluid particle in 


the reactants. Eqs (C1), (C2) can be put together 
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sl. W(t.x,). (C3) 
Or 
where 
W(t,x,)— H (x,)ó(t - t. (x H(t, SEL (C4) 


Eqs. (115) and (134) become 


0 t oo 
[P(X rs dx, + f | PC; X. dmi, 1 «t, 
(c(X.0) 247 B (C5) 
| P(X. rb 0)dx, + | Í P(r; X tx dedu, t> t, 
-%0 00 
P(t; X tiXxo,0dX, t< tau 
(W(X,1)) = Í i SE? (C6) 
0, f£ 
,t|X, ) is defined by the relation (111). 
Differentiating (C5) with respect to time yields 
ô OP, (X,tx,,0 ee OP(r; Kn. 
ER De Ge p ER Gin p tx, + (WYCGt) t Lan (C7) 
ôt -0 00 
KEE | PC; X i. 0)dx, = 0)P, (X Ann, 
0 
0 t OP, On, * OP(t;X,tx),0 
e) Í LUCR ! de zem. %0) nasus (C8) 
Ot Ot Ot 


—o0 0.0 


taking into account Eq. (C6). 
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Eqs (C7), (C8) become 
P te OP(r; X 
c) p (y : OD rx Wes GL We (C9) 
ôt ax’: e 
alc) gI "e * OP(r; X SIM 
= D, (t) — | P(X thy Old, + | | — À didn t» ty (C10) 
ôt X’ w: x 
0) 0) 
= D,(t S 
ot 2d Oe 


(C5) yields for the integral in the first term of the RHS of (C8) 


[n 


£x 0)d dx, ,t «t 


On, = (c(X,0) - | | P ae (C11) 
00 


0)dx, = (c(X,t)) - 


O)dtdx,.t>t,,, (C12) 


Plugging (C12) into (C10) yields 


otc) 
=D 
a F 


Ciel “ff OPC. txa)  P(r;X,t 
Ox ] ar SECH 


00 


SS t > t . (C13) 


The RHS of (C13) is the turbulent transport term in the equation for the 
expected scalar 


(C14) 
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GU 


wD wu O'P(r;X,t 


ot d ox? 


dok E> ls (C15) 


Ou) T ac) y "d OP(r; Xt 
a "a II 


The integral term in the RHS of (C13), (C15) is not equal to zero 
identically, because 


0) 


- D,(t) 2 


5 3:0 x50. (C16) 


The discussion of the inequality (C16) is given in the section 7 after Eqs 
(138), (139) and is not repeated here. 
Using results proven in the section 7, we conclude that after flame 


extinction the inequality (C16) is valid during the time interval £ —f,, < T; . 
Therefore during this time interval the mean scalar (c) does not diffuse with 


the turbulent diffusion coefficient D; (t), defined by Taylor theory, Eq. (72). 
In other words, the solution of the following IBVP 


2 
ere (C17) 
ar ox 


DNA 


(EISE) 
00 


x9, 0)d vdx, , f = t, (C18) 


(chxstay= [A 


does not coincides with (C5) at t > t, t-te, € T, . "Initial" condition (C18) 
is obtained from (C5) setting t = f,,,. 

The integral term in Eqs (C13), (C15) as it is shown in the section 7, can 
be set approximately to zero if t — £4, >> T, , (125). 


Therefore asymptotically, at f — t, >> T, , Eqs (C13), (C15) become 


Oe pee) (C19) 
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O(uc) " o (c) 
OX — D, (oo) ax? (C20) 


where the asymptotic value of the turbulent diffusion coefficient is given by 
the relation (141) 


D, (o0) = (en. 


The mean progress variable (c) , as follows from (C19), (C20), diffuses, 


at £f —£,, 2» T, , with the same asymptotic turbulent diffusion coefficient as 
an expected inert scalar. This result is expected from the physical reasoning. 
Indeed, after some relaxation time, which is of the order of T,, the "initial" 


condition (C18) will be forgotten, and the mean scalar after the flame 
extinction will diffuse as an inert scalar. 


ANNEX D. DERIVATION OF EQ. (191) 


Eq. (183) can be obtained also neglecting stochastic character of a hitting 
time t. (x, ). Let us assume that the hitting time t. (x, Jis found from the 


following deterministic equation 


ts (xq) 
x= [wat = Kl (D1) 


0 


that means that f. (x, Jis equal to a transit time of the mean flame to the fluid 


particle in the reactants with the mean longitudinal coordinate x, . The fine- 


grained probability density function of hitting time, as follows from (D1), is 
deterministic function 


Slt —1.0$)) = ó(X O) - xu, (t) (D2) 


Therefore Eqs (101), (111), (120) become 
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(1,0) = Ó(X ,(r) — x,)u; (t) x, > 0, (D3) 


0) = ó(X , (7) 2 xu; (TEX (15.0) — X) x, » 0, 


0), x, » 0, (D4) 


P(t|X ,t3X),0) = B(¢|xy,0) = Ó(X ,(7) 2x)u; (7). (D5) 
Eq. (97) with the source (98) becomes the following deterministic ODE 


Och, DU 
giz ) = W(t, xo), (D6) 
W(t, xy) = HEX , (t) - xu; (0. (D7) 


Eq. (D7) is solved with the initial condition (93). The solution of the 
initial value problem (D6), (D7), (93) reads 


cx, 0)» HC) Bis la A) x) (Ode = Hx) His ma (D 
0 
The instantaneous progress variable c(rx,.0) is the deterministic 
function. Therefore Eqs (103), (119) read 


c(x,.0)- 0 — HQ +H )H(%) A(X , (10) - x). (D9) 


c(rX,x,0)- (1— HG )) + Hos JH )H(X ,(1)-x,). — (10) 
respectively, taking into consideration (D3), (D5). 
Eq. (115) transforms to 


0 


(XX, )= [5,06 


—%0 


x, Odi, + f FOX, O -xu OP, QC, Odds, DID 
00 


Lagrangian Formulation to Treating the Turbulent Reacting Flows 73 


0 (t 


(c\(X,1) = [P(x tx, O)dx, + | 


=% 0 


) oo 
[OX O- x)P, Qt 


ANE (cd, (D12) 


taking into account (D4). Integrating Eq. (D12) over X y yields 


X,) 


(cX X,t)= [P (Xt 


—0 


Au Hl )dx, , (D13) 


Eq. (D13) coincides with Eq. (184), therefore the final result will be the same, 
Eq. (191). But the new derivation, in addition, permits to find the mean source 
in the Eulerian frame. Indeed, Eq. (134) becomes 


(W)(X,1) = [Pa X. tx, dx, = | OX, O) — xu; OP, QC, 00d, » 
0 0 


(Wy X,t)-u(t)P, ( X,tx, =X ,(1)0). (D14) 
by virtue of (D4). 
Eq. (D14) transforms to 
otc) 
Wo(X,t) 2—u, (ft) ——, D15 
(WXX, t) =u, (t) 2 (D15) 


by virtue of the connection between the spatial derivative of the progress 


: olc) = 
variable aX and P, (X ,1X OI) 
= O(c) 


Indeed, differentiating (D13) with respect to X we get 
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oc) o^" pru 
OX aX Ip Hy ds, o Jr, 


Ae Ui, D17) 


Ka 


(2 d 
using (187) to replace the derivative ox in (D16) by the derivative — — . 


Xo 
Finally (D16) becomes 
(c) Zo E 
OX =- d SEN --—P/(X,tX ,(0))0): 
i.e. (D16). 


The same critical comments, as at the end of the section (8) can be done to 
the derivation just presented. In particular, the expression for the mean source 
(D15) is an approximation. It is the consequence of the application of the 
deterministic function for the probability density function of hitting time (D3). 
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Chapter 2 


G-EQUATION IN WHITE NOISE IN A TIME 
TURBULENT VELOCITY FIELD: 
THE DERIVATION OF THE PROBABILITY 
DENSITY FUNCTION EQUATION 


V. A. Sabelnikov* 
ONERA - The French Aerospace Lab., Palaiseau, France 


ABSTRACT 


A promising approach to simulating premixed turbulent combustion 
in gas turbine and spark ignition engines consists of tracking a flame 
surface in the turbulent velocity field in the framework of so called G — 
equation, associating the evolution of the flame surface with the evolution 


of zero (or Gy) level set of a function G(X,f) . The goal of the present 


chapter is to derive the equation for the probability density function of G 


straightforwardly from the well-known G -equation for tracking an 
infinitely thin flame sheet (flamelet) in a white-noise in time statistically 
homogeneous isotropic constant density turbulent flow. 


^ E-Mail: vladimir.sabelnikov @ onera.fr. 
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Keywords: Premixed turbulent combustion, G — equation, indicator function, 
probability density function, white-noise in time velocity field, 
combustion progress variable, random shear flow 


1. INTRODUCTION 


Level set methods are widely used in various fields of contemporary 
science [1, 2] and in premixed combustion, in particular, where this general 
approach is often called the G — equation [3]. If a ratio of the thickness of a 
flame to the lowest scales of velocity non-uniformities and flame wrinkling is 
sufficiently low, then, the flame may be considered to be an infinitely thin 
self-propagating sheet that separates reactants and products. Subsequently, the 


instantaneous position of the flame is linked to the evolution of zero (or Gy) 


level set of a function G(x,t). However, since tracking an infinitely thin 
flame sheet in a turbulent flow is computationally expensive, this method has 
only been applied to very simple model problems (detailed presentation can be 
found, e.g. in [4]). To simulate premixed turbulent combustion in more 
realistic cases, the G-equation has to be averaged for tracking the mean flame 
brush in the mean velocity field. 

The basic substantiation of the corresponding mean G-equation equation 
has not yet been elaborated well. The goal of the present paper is to derive the 
equation for the probability density function of G  straightforwardly from the 
G -equation in a white-noise in time statistically homogeneous isotropic 
constant density turbulent flow. In section 2, the closed equation for the 
extended indicator function (or fine-grained probability density function) 
which includes both G(X,£) and its spatial derivatives of the first and the 
second orders is derived. In section 3, the closed equation for the probability 
density function for both G(x,f) and its spatial derivatives of the first and the 
second orders is derived averaging the equation for the extended indicator 
function in a white-noise in time statistically homogeneous isotropic constant 
density turbulent flow. In section 4, the closed equation for the probability 
density function for both G(X,f) and its spatial derivatives of the first order is 
derived in a special case of a random shear flow, non homogeneous and non 
isotropic velocity field. In section 5, the principal results are summarized. 
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2. DERIVATION OF THE EQUATION FOR 
THE EXTENDED INDICATOR FUNCTION 


Let us consider, without loss of generality, a statistically planar 1D 
premixed flame in an incompressible statistically isotropic homogeneous 
turbulent flow field, developing from the initially planar laminar flame normal 


to the x, direction. In the framework of the G - equation approach (the level 


set method for tracking interfaces) the instantaneous position of the flame 
surface is associated with the evolution of some level set of a scalar field 
G(x,t) [3] (see also [4]). Let the initial position of the flame surface, i.e. at 


time f =Q, is the level set G,. It is assumed that the products and reactants 
occupy the domains G(x,t 20) » G,, G(X,t 2 0) Da, respectively. The 


future evolution of this level set, and hence of the flame surface, is found from 
the solution of an initial boundary value problem (IBVP) of the following field 


equation 
OF gg Lac VG COH VG), VG|- c (1) 
Ot Ox, Ox, Ox, 
G(x,t =0) = G, a). (2) 


Here u(X,f) is a statistically isotropic homogeneous turbulent flow field 
with zero mean value (u) =(), up is the normal velocity of flame propagation 


with respect to the products, supposed below to be constant, without loss of 
generality [3]. According to (2) all level surfaces of G(x,t — O) are planes 


normal to the X, direction, and the products and the reactants occupy at the 


initial instant £ = Othe left half-space and the right half-space, respectively. 
Eq. (1) is a stochastic partial differential equation (SPDE) with multiplicative 
noise term U: VG . In section 4 we consider a special case of a random shear 
flow, non homogeneous and non isotropic velocity field. 


The particular choice of G;, (x; ) 


G(x,t = 0) = G, (x) = =x Q) 
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for statistically 1D premixed flame, as was shown first time in [3], plays an 
important role in the theoretical analysis of IBVP, because it essentially 
simplifies the expected equations. 


For simplicity of writing it is assumed below thatG, — O and, 


consequently, the initial plane laminar flame position x, ; (t = 0) = 0 . Thus 


G(x,,,.1 20) 2 G,(x,) 2 G,(0) 20, G,() » 0, x, <0, 
G(x pt 20) 2 —x,(t 20) 2G, 20, G,(x) «0, x, » 0, (4) 
respectively for the initial conditions (2), (3). 


The averaged flame, in accordance with (4), propagates from left to right. 
Let us designate the spatial derivatives of G(X,f) as follows 


0G OG Om, OG Cp, 
Hr, Py = = >» Py = Py = = —, 
Ox; Ox,OX j Ox j Óx Or, Ox, 
| OG " 
ne Ox,Ox Ox, 


Differentiating (1) with respect to X;, and then with respect to x;and x; 


yields the PDEs for p; and p; 


Op, a, Ou ôH 

Di +u, P; de Cg p, = L Pus (6) 
Ot Ox, Or Op, 

Op; T Ops u, OM o D Wo _ @H, OH, 

a "ës Zei Ox PY a O apap, "il Sp, PH 


(7) 


where the following designations are introduced 


H, =u,|VG| —upgp.p-— (p. p.) , (8) 
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oH 
L u, 2t =H, PE. (9) 
Op, p p 
OH ó, 1 
Z zi 2 Zë [»-22) (10) 
Op, Op, p p p p 


It is worth noting that H , depends only on the p, , i.e. on the gradient of 


G(x,t) . This fact will be used repeatedly below in deriving and transforming 


the equations. 
SPDE's (6), (7) are not closed, because they include the third order 


3 
derivatives pj, = cue. SPDE's are solved with the following initial 
Ox, Ox Ox, 
conditions 
OC, OG, 
pilxt =0) = P20) 5, p,(x,t=0) Ela A, aD 
Ox, Or, 
pi(x,t 20) 2 -ó;, pi (X.t 20) 40, (12) 


by virtue of the initial conditions (2) or (3), respectively, ô y is the Kronecker 


delta. 
Let us introduce the extended indicator function (or the fine-grained 


probability density function) €D(X, f, G. D P; ). [5], [6] 


(x, 1,G, Pi, Pi) = EGN -G)ó(p,(x.0) — P; ECHTER 
(13) 


where G , D. and P j are the sample values of the random functions G(x,f) , 
D; (X.f) and pj Qt) , respectively. It should be stressed that the sample 


values do not depend on X and f. The random functions G(x,t), p, (X,f) and 
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Dj (%,t) obey to PDE's (1), (6) and (7), respectively. The closed Liouville 


equation for the extended indicator function ® introduced by (13) is derived 
from (1), (6) and (7). This equation is obtained in a following way. 


Differentiating (13) with respect to time yields 
OD 0d 0G Ob Op, Ob õp; CO O00 0p, OD 6p; 
Ot OG Ot On Ot Op, Ot 
(14) 


0p; Ot OG Ot a, Ot 


; Op. 
oo OD AG ob Op, , OP Pi _¢ (15) 


B x 
Ot OG Ot Op, Ot Op, Ot 


Op. Op; 
SPS cand Pi from PDE (1), 


Inserting the temporal derivatives —— , 
Ot ot 


(6), (7) into Eq. (15) results in 


ob ð OG O Op, Ou oH 
+ - +H vi i k p L di H 
at A t Oi. ] ZS RE v] 
0 Op; Ou, Ou, Ou, OH, ôH, 
j s : 4 Dp, +—— p,,, 20 
E | Uu, ax, Qm, Du ES Du ESCH Px Opp, DD $5. Du 
(16) 


The expression for the spatial derivative —— of the indicator function D 
X, 


is needed to recast (16). It follows from the definition (13) 


Ob 0 AG Ob Op, Ob Op, Od 0G A Op, op p, 
Ox OG Ox, Op, Ox, Op, Ox, OG Ox, Op, Ox, Op, Ox, 
(17) 


Collecting the convective terms in (16) yields 
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ao, | Zut ô | on, a jo: 


REM Op. Ox ^ — Op, 

d Ou, Ou, Ou, eH, OH, 

- D, P; p, 3 Puy + ` py; P -0 
I On On Quen,” ee Op. n 


(18) 


by virtue of (17). Using sifting property of the delta-function (18) transforms 
to 


eo 0b ða ð f ou, op. 
(A o). Op | SS Pk | op, 2 | 
i i k 


ð Ou, . Ou. uu 0H. 0H, 
: : PE OO 
Ox, Py Ox, Pi Grën, Ps Op, Op, Put Op, CS 


(19) 


The Liouville equation (19) is not closed yet, since it contains the third- 


ôb 0H, ôP 


order derivatives of Ð . However, the combination —— — will not 


Op, Ox, 


include the third order derivatives (similar to the cases considered in [5], [6]). 


e E po ad 2 E pat fn (19) can be 
OP; V Cp, Op; Op, 


Indeed, the terms 


recast to 


ð E o) 0 E dÉ OH, . p, 0H, 09 Gp, 


o Op," ) OR | a, | apap, e ap, ax,’ 
(20) 
ô (8H OH, 0 OH, dM Op, 
ap E EE ap, Op GT ap ap, Ox. e 
P; Op, p, Op, p, Op, Ox, 


by virtue of the sifting property of the delta-function. 
Hence the sum of (20) and (21) is given by the following equation 
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! | " 
2 Dal à EE 00 op, , 06 óp, , PH, D 
Op; \ Op, Op, \ p, Op, | Op; Ox, Op, Ox, "aa 


Q2) 


Using (17) the first term in the RHS of (22) becomes 


OH, | 0 êp, , 0 Gb, . 0H, oh 0H,6boG ôf, (ôb +p 2 
Op, | OB, Ox, Op, Ox, ) Op, Ox, Op 0GOx GP, Ou "Ta 
Q3) 


Eq. (23) can be rewritten as 


: A Aë 
SE ed EI Län z p Ch 5 
Op; \ Op, 0p; A Op, Op, Ox, Op, OG OpjOp, 

Q4) 


Hence (19) becomes the closed equation for the extended indicator 


function D(x, f, G, b; P) 


eo 0H,|0b (4. . OH,\O® 0uO,, 
D fu- e Jos a Se —(p, d) 


at 0p, } Ox, Op, JOG Or, Op, 
E E E One, EH OH, . 
ers Dy — E Pa- t D, + — PuPy D +—— P0 =0 
Op;( Ox, Ox, OxOx Op, Op, Op;Op, 
(25) 
combining (22)-(24). It is readily verified from (8), (9) that 
OH 
D,—--H,. Q6) 
Op, 


Therefore Liouville equation (25) transforms to 
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oo GH, \OD Ou, O ,, 
Wo a A (5,0) 
Ot Op, JOx, Or, Op, 


0 ðu, ~ Ôu, n Ou. OH, .. OH, . 
pt Du SE SE PuPy Di = p, =0 
Op, \ Ox, Ox, Ox Ox, Op,Op, 6 


Eq. (27) is a closed Liouville equation in the coordinate X and phase 
space D. Pj . Eq. (27) is solved with the initial conditions 


A Qn ) e = - ) 


(x, t= 0, G, D Pi) = ó(G, (x) - Gyo( —2 d. = Diät SE 20 , 


Q8) 


(x,t =0,G, D., Pi) = Em —G)5(-6, — p,)6(p,) = (x, +E, + p.)óCp,)- 
(29) 


corresponding to (2), (3), respectively. 


The extended indicator function (x,1,G, b; P; ) permits to find the 


different quantities, e.g. combustion progress variable c(X,f), which is 


calculated as folows 
c(X,f) = H(G(x,t)) = [ ó(G(x,t) - G)dG , (30) 
0 


where H (o)is the Heaviside step function equal to zero for œ < O and unity 
for 9 > 0. Hence equation for c(X,f) , which readily follows from (1), reads 


< +(u+u,n)-Vce=0, Vc(x,t) = (G(x, D) VG(x,t) , 


G1) 


where is the normal to the front surface pointed to the reactants, i. e. 
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rens EURO, (32) 
Kos) neo 
Eq. (31) can be transformed to 
Oc 
zw Vc =u,|Vc|, Mots. = 5(G(x,1))|VG(x, 1). 
(33) 


Let us obtain the equation for the progress variable c(x,t) = H(G(x,t)) 
from Liouville equations for the indicator function O(x,t SE D. D (19) 


(unclosed), and (27) (closed). It should noted that c(X, t) defined by (30) can 
be found also, performing the integration of the extended indicator function 


D(x, t, Ô, D. Pi ) over G in the half-space G > Oand over whole values of 
D and p; . Indeed, 


oo 


(x,t) =| | [9656.5 ,)dGap ap, = |ó(GG.0 - 646 = H(GG.0). 
0 —6- 


o 0 


(34) 


Integrating (19) over G in the half-space G > Oand over whole values of 
D. and p j yields 


Oc Oc 

— +u, —— — H,ó(G(x,t)) =0, 
at i^ L (G(x,t)) 

Oc Ó 


H 


Du = H6(G(,D) = us|VGI6(G(x. ED =u,|Ve 
Ot Ox, 


i.e. Eq. (33). 
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The same result is obtained from (27). Indeed, integrating (27) over G in 


the half-space G 2 Oand over whole values of D. and p j results in 


oc 0 1?70H, an . 22 aH. 
qm [| J J wp Oddo, + | J | 277 p,dGap,dp,, =0 
(35) 


Performing the integration of two last terms in the LHS of Eq. (35) it 
becomes 


Oc Oc O | OH, OH 
+ — H(G(x,t L n H(G(x,t)) - 0, 
ap "e ox | (G( » Apap UH (G(x,1)) 


Ox, Op, iP x 
(36) 
by virtue of the definition (13). Eq. (36) can be rewritten as follows 

oH OH, à OH, 
Bg a aye PH (G1) +“ p,H(G(&)=0 (37) 
a “ar, Op, Ox, OpjOp, Ox, Op; m 

Taking into account the definitions (5), Eq. (37) becomes 
Oc oc OH OH, eH, 
xou, pO(6(1)- — Py (G(X) — puh (G) = 0 
o Ox, o (pp, Opp, 
38) 


Finally Eq. (38) transforms to Eq. (33) 


ku, £ =H, 6(G(x,1) = uj |VG|ó(G(x, D) =u, 
Ot Ox 


taking into account (26). 


The G - equation can be obtained from (19), using the expression 
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G(x,t) = f f [m G, p,, p, ) dGdp,dp, . (39) 


Multiplying (19) by G and integrating over whole values of G , D. and 
Pi yields Eq. (1) 


oC 0G "EI: PET EA 
— eu, — — | | [H,©%1,G, p,, p,)dGdp,dp, - 0. (40) 
Ot ONS deorum 
0G ôG 

+ =H, =u,|VG 41 
à Hy ax, L M | (41) 


taking into consideration (13). 
The same result follows from (27). Indeed, multiplying (27) by G and 


then integrating over whole values of G , p, and Pi yields 


OC OG rtl 0H, b GH, , Se A (42) 
Edi nude G L i OD |dGdp,dp,, =O 
J J J | Op, Ox, Op,0p, ^" ) SZ 


—oo—oo—oo 


The last term in the LHS of (42) can be transformed, taking into account 
(24). The term in the LHS of (24) after multiplication by G and following 


integration over whole values of G , D. and p j 1$ equal to zero 


- E ho: a e rs dGdp,dp, =0. (3) 
OP OP; 


Therefore the integrated RHS of (24) multiplied by G becomes 


(ie 2 Ob 0H, . Ob OH, 


A ~ Pk LA <a Py® dGdp,dp,, = 0.(44) 
Op, Ox, — Op, "oC Op;Op, i | ` 
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Eq. (44) transforms to 


(TTA OH, ôO | OH, "TE 
Ha A ena, - [2 


OD tus 
S EE 


"es P, 
(45) 
PEL oH, OD | CH, Lo, 288, A M 
J J je j- D. "aa Pri leng - [ [i6 dp, 
(46) 


by virtue of (26). Integrating by parts the RHS in Eq. (46) results in 


id-2, 5 i D, o ipa, =] j j 1 bd Gdp dp, = -H, 
90 —00 —00 k k ees 


(47) 


taking into account the definition (13), and the fact that H _ does not depends 
on G , Eq. (8). 
The last term in the LHS of (42), as follows from (47), is equal to — H 


and Eq. (42) transforms to Eq. (1). 
In the Annex A the unclosed equation for the reduced indicator function 


®,, (x,t, G) = 5(G(x,t) —G) is derived. 


L? 


3. DERIVATION OF THE EQUATION FOR THE PROBABILITY 
DENSITY FUNCTION IN WHITE-NOISE VELOCITY FIELD 


Expected extended indicator function 


(©) = (00861) -G)3(p, (0) - PIEP; ED- Bj) = Ponp, 01,6, Po By) 
(48) 
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is the one-point joint probability density function of G(x,f), p; (x,t) and 
Pi (x,t). As we can conclude readily, averaging (27) creates the problem of 


the averaging the products of the velocity fieldu(x,f) (and its space 
derivatives) and the indicator function XD. The indicator function is the 
functional of the turbulent velocity field u(x,f) (through the functions 
G(x,1) , p,(X,t) and p; (X,t) which obey the Eqs (1), (6), (7)). This problem, 


in general case of velocity field, is not solved. Averaging can be done if the 
velocity field is approximated by the delta-correlated in time Gaussian velocity 
field (white-in-time velocity field). The velocity correlation tensor in the 
framework of this approximation, reads [5], [6] 


(u (x, t)u;(x^,1)) = Bj (1,1) =260-1') Bs (r.), r=x-x', 
(49) 


eff — ! po ! ! 
B; cm [B,G.1.00)at = |B, (r,t,1')dt : (50) 
—o0 0 


The derivation is presented shortly in the Annex B. The technique of 
averaging SPDEs can be found, e.g. in [5], [6]. The resulting equation is the 
diffusion equation in the physical space X and in the sample variable space 


p,and p, j - This equation reads ( P 2 T — P for simplicity of writing) 


0 008, 0 OH,.. e? = 
= et < PuPy |[P =| U a +U Ai - Dj 
Ot Ox, Op, OP, Op,Op, Ox Ox, OX,Op, 
e 2. 2 
jkim 0p,0p,, DH, jkim HEIN PrP j1 UA ap Op, apap, Pont 
Oo aos e » A (51) 
im AA ^ Dj p n im 5,0," D i ocu nPnj 
, Op mô in t Us Op, in Pm i i Un CH, in OP P mi i 
2 e e 
U +U ——— Da Da +U DD. 
jknm ap E EC Pa + jknm OO Piz Di jknl Op, Op, Du Pmj 


e? e eH 
U pa ——— P, +U ui ————— PAP ,P-—— p, P 
jkin Ox f, Py jkinml ap, PPj P, p Pri 
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where for the homogeneous isotropic turbulent velocity field 


U, = Bj! (0.0) = | B, (0,t,t)dt' = | (u, (x, Du Gn)! = Dô; 52) 
0 


0 


D, =+B (0,1) =~ Jus, Du, (elt > [Ek Ddk, 63) 
3 3$ EA 
E(k,t) = Í E(k,t,t')dt! , (54) 
0 
e ' HE i O^ B?! (r,t 
U,, =Í Ou, (x.t) Ou, (x,t) dus E Bim  ,, O0 Bj (t) 
SC. 0 Or, o OO, Orr, 
(55) 
U,; = HE = " (56) 
Iu oum * KI + Ou ), (57) 
15 
D, = [££ Ent, (58) 
0 
T -| Ou, (xt) u Q1) | y JEAN t), GEI 
e e ONOE ; GA, , rÔr ðr, ðr, | ôr ðr ôr, or, | _ 
(59) 
U ae = D, (sin Ou — T as ) , (60) 
I l (8,0,0, | AAA, | 0,0, im | EN | AAA, | dÄ, | 0,0), | 


klijmn = 105 ij“ mn 
+ 5. Spy *0,8,8, + Sp 0,0, *0,5,8, *0,0,0, + 555 + 5p Sy 06,0,5,) 


kj” Im” in kj” In” im km” li” jn lj” in In^ ij kn” li” jm lj” im 
(61) 
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D, = | Ec ndk. (62) 
0 


Using Eqs (52)-(62) the terms in the RHS of Eq. (51) become 


OP EN 
z = Dy 5 (63) 
Ox ,Ox, Ox, OX, 


e D, o 

U gg ——_ |p ,PJ= 4D,Ó,, — D, Ó, — Dë P, (64 
jkml Ox, Óp,,, D ) 15 in, Pk ml Pm kl Pi " ( ) 

e (; " P oD; e 


D RT j E ———Mp Dä, — 2D, P; P, (65) 
jk O,Op,, PPj 15 pap, Py Px P P.) 


OF ee S RSS 
U nim cc Pes ^ A^ (4 DEP iO = PinPit —P;Pm JP. 


15 OP;OP mı 
(66) 
2 D, e 
a = pp, P AP. Pus — PiPui — PiPm)P » 
Jkil Op.Op,,, (P, Py, )= 15 55. II il — Dr Da GI 
(67) 
2 D e 
U m D p, P LE DA P:Pim DA, )P , 
Ee LA ss) IER 
(68) 


2 D e 
U, — ——4p, p,P]2 — Om D p.—p.p.,)P 
jkim op, 6p, (bp, ) 15 Op, Op, (4 Pig Pu — Dan it Pin Pun) 


(69) 
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2 2 


Uw = g Peba p, Op, 4 dp. Bn E Së 


(70) 


2 2 
2 (p PaP) 22 pb... ERAN 


di SC 15 CD. in 
(71) 
( ) : ( ) 
U, —|, p,P)=—2 Wee -p p DD. P, 
jam E Op, P ik Pp jl 1 5 ô, Op, p ij D H" nm p miP In p ml p in 
(72) 
l ( ) l ( ) 
We DE P CHE 22 E E MN ee P, 
jknl Op, Op, Du DA 15 OD, CP Pj DA nl Pi Pan Pin DA 


(73) 


DA, OR DA, D Déi \p > (74) 


jn 


E ORE ee 
U sii C RT 35 D, "ep E), — — 6,6, + Sind in + 5 in im MA 


NA g? 


"Ae EH On t PiP mOn + PiP,O im + BP nO; * DD + D, DAD 
E LY P;P Onn ID FD DA * Bj BA t PiP, + PnP 1S; 


(75) 


The parameters D,, D. and Dy, are the diffusion coefficients in the 
space, and in the sample spaces D. P; , respectively. The diffusion 
coefficients D,and D, are related with the second and forth derivatives of 
the correlation function Be (r,f) taken at r 2 0, (B30) and (B32) for D,, 
(B35) and (B37) for D,. 
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Remark. It is worth noting that Eqs (51)-(75) are valid in the general case 
of initial condition 


G(x,t 20) 2 G, (x), (76) 


un 


where G, (X) is arbitrary function. 


Equation (51) is solved with the following initial condition 


P, (Kot = 0,6, Pin B,) äis), Gelle, Sys RO gy. 
OX, Ox,Ox, 

(7T) 

Fi; (x,t = 0, G, po Di = O(% + G)5(6, + D:)O(P;) $ (78) 


taking into consideration (28), (29), respectively. 

The indexes in the Eqs (63), (64), (65) (74) take the values k =/=m=1, 
jJ-i-ncz-l. 

A solution of Eq. (51) for statistically planar (1D) flame with the initial 
condition (78) has the following form [7] 


Papp, 08,6 Bis By) = Popp, Got Zi, a 
where 
Il nt X(t), x ()- fu (rdr, (80) 
0 


u,(t)=(H,) -u( VG 


k (81) 
G(x,t) =(G) + g(x,t)=G(x,t) +x - X(t)+ (0. (82) 


(82) is similar to Reynolds decomposition of a scalar in homogeneous 
turbulence with uniform mean scalar gradient, g(X,f)is the statistically 
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homogeneous fluctuating part of the field G(X,1) in the decomposition (82), 
( got )) =0. u (r ) is the mean turbulent burning velocity. 


Probability density function P 


So (8,1, P;, D; ) does not depend on x, 


and solves the following equation 


9 wë, 298, 0 OH, RP T 
Ot "o 08 Op, apapap ^| (teg "n gaa 
e e p 
8 Dp, +U, DD. 
U him ap Op, PrP | 3 UA 0p,Op,,, PPj Jkil Opp, PP nj 
a o n, O ux 
U jkim ap, OP, P; Pin +U jkim PED D.D, U jl op, ab, PrnP mj 
e SN e A 
U i op Pin P; Py U i Op, OP Do Hu U ii Op, Op, Pi Pnj 
e e eH 
FU ,, D.p,-—— p, IP 
Uy ag $0p,, P, jkinml Op, OP,» DP, Op,0p, Pri 8PiPij 
(83) 


where uy (t) is given by Eq. (81) and the coefficients Ui, , Uu read 


TNT -22 s, oe séch (84) 
Therefore 
NN e j 2D, 6 b 
uc LUE B pean ES 


The unclosed equation for the probability density function of the scalar G 
is derived in the Annex A. It is worth noting that this equation can be obtained 


directly from Eqs (51), (83) integrating over whole values of D, and P je 
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The structure of Eq. (83) permits, using dimensional considerations, to 
write the general relation for the mean turbulent burning velocity Uu; (t), 


defined by the following equation 


+00 


u,(t) =u; [ (Vex, Dax : 


—o0 


Vce(x,t) = ó(GGst))VG(xt). — (86) 


For the initial conditions (3), (78) the relations (86) and (81) are 
equivalent, [4], [7] 
Using dimensional analysis we can write 


D. D 
mocu (UEBER A aps i 
Up A, 


where fis function, depending on two dimensionless parameters and 
dimensionless time. That function can not be determined only from the 
dimensional analysis. The characteristic lengths A, and /, are defined by the 


expressions 


D, =, D =. (88) 

Writing (87) we took into consideration that the dimensions of D,, D, 
and D, are the following 

[D ]= L/T , [b,]- vr , [b,]-v V7. (89) 


The stationary regime (if exists) is described by the following equation 


NEA Aa (90) 
Up A, 


Urey = Up fal 


where 
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4. SPECIAL CASE: RANDOM SHEAR FLOW 


Let us apply the general equations obtained above to the 2D random shear 
flow. The velocity flow field reads 


u(x, y.t) = (u(x, y,t), v(x, y,t)) = (W(t) y,0) ; (91) 
u(x, y,t) = Wty ; v(x, y,t) ag; 


where W(t) denotes the standard Wiener process W(0)=0, W(t) its 


temporal derivative, i.e. temporal white noise 
(Wa) = ó(t -t'). (93) 
Single nonzero velocity correlation is equal to 


By, y, t0) = (uy Me, ét Mm = 26(t-1) B! Cy. y. 
(93) 


: UR 1 T 1 
B? (y, y, O) 2 | BO, yt, tdt! 2 — yy’ | ó6(t —t)dt' 2 — yy! , (94 
(y. y t) jl AA tt) ,»J* ) SC (94) 


3 17 1 oo 1 
BË (y,y,t) 2 — | By, y,t,t')dt' 2— ó(t—tdt 2—y?^. (95 
(y, yt) sl (y, y,t,t ) 299 15 ) 22 (95) 


The equations (1), (6) become 


OG OG 
c AY ee age P=\P. +P, > 


Ot 
(96) 
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Op : Op p 
La Wy Eg S c 97) 
3: (t) y zm e Pu ( 
ôP, > Op . P, 

+W (thy —-+W(t)p. =u, — p... 98 
5 ()y ar (Dp, =U; 7 D (98) 
The initial conditions are 
G=-x, p,=—l, p, =0. (99) 


It is readily checked that the solution of the initial boundary value problem 
(IBVP) (96)-(99) is given by the following expression 


G(x, y,t) = —x+W(ny+u, | 1-W(z)!dr- —x+x,(y,t), (100) 
0 


x, QD 2Wnyl), I) =u, | 1--W(z)!dr. (101) 


where X, (y,t) is the longitudinal flame front coordinate at given y. As it is 


seen from (101) in the problem under consideration the flame is single-valued. 
From (100) follows 


p, Go y.t) =-1, p,(x, y,t) -W.p( yt) - p.p + P,P; =v1+W’, 
(102) 


Date yt) = Py, yt) = p 05 y,t) =0, (103) 


H, =u,p=u,V1+W . (104) 


The indicator function for this case becomes 
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O(x, y,t,G, PsP) z ó(G(x, y,t) ~G)5(p,(x, y,t) E P.Jó(p, (x, y,t) a Bi) = 
= 6(G(x, y.t) - G)ó(p, + DEW - p,) 
(105) 


taking into account that, according to (103), p,(x, y.f) has a sharp value 


D,(%, y.t) =—1. We consider below the reduced indicator function 


D, y,t, 6, p,) 2 8G, y.1)-G)5(p, Gs y.t) - P,) 29(605 y) -G)(W -P,). 
(106) 


The Liouville equation for the reduced indicator function (106) can be 
obtained from (27) 


ab fu E m) Ob Ou Ó (5 @)W0, dus 


E Op, JOx, ex, Op, 


taking into account the expression for the velocity field (91), and Eqs (101)- 
(103). Liouville equation and initial condition read 


OP WO -üp Ps e —Hp e 2 ewe =0, (108) 
Ot Ox p Ox p oy Op, 
D(x, y,t,G, p,) =d(x+G)d(p,), (109) 


where (99) was used. 
The sum of the third and forth terms in the LHS of (108) can be 


H , 


transformed using the expressions for ps and which follow from (106) 
x y 
op ` oO od OO. 
= = Px 5777 Px (110) 


x | oG «à o6 OC 
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Kat 0®' 0G oD OO 


= z = —p,—-——P,. (111) 
Oy 0G 0y | 0G "^ 0G ^ 
We obtain 
p.ob' D ob ,09'  D,p, CO SE 
"s ru =u, PP Fus = us PL P. — 
p Ox Oy p ôG p OG 
(112) 
Thus (108) becomes 
dii q' q' 
2 +W(t) vV1+W SÉ no =0, (113) 
Ot 6G Op, 
taking into account (102), p, (x, y,t) =W. 
The same result is obtained from (19) or using directly the relation 
oH, op OH, 5,99. 5. s 


Op, Ox, op, Tra 


We rewrite (113) introducing for convenience purposes new notations @ 


and @ for the sample values of random functions G and P, (x, y,t) =W 


oy +W(t) V1+W T. we? =0. (115) 
Ot so 


Averaging (115) and (109) yields 


Up. y? @ Pye JO Bed Jiu P, 
z ES u,vl+o ——, 116 
ër 2 00 20») ^" ô v 
Pyg(% y,t 20,0,9) = ó(0)ó(x* Q), (117) 


where 
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Batz." p) = (D(x, y,t,9,)) (118) 


is the joint probability density function of W and G . 
Integrating (116) over whole positive values of @we obtain the mean 


progress variable equation 


oo 


die P, dodo . (119) 


alc) y” o? (c) - 
a 02 à weil 


Goy 


We conclude from (116) and (119) that the probability density function 
Pyg and (c) diffuse in the physical space with the diffusion coefficient equal 


2 


y. 


to E . Probability density function Pa diffuse in the sample space @ with 


the diffusion coefficient equal to 2 ; 


Let us rewrite (119) in another form, using the definition (30). Inserting 
the expression (100) into (30) yields 


c(x, y,t) = dn riet =a] = H(x,(y,t)—x) 
0 
(120) 


by virtue of (100). We conclude from (120) that from a formal viewpoint to 
find the mean value of c(x,y,f) we need to calculate the integral over 


trajectories of Wiener process W(f) in the time interval 0< 7 <t. 


Let us consider first the chemically neutral case, i.e.U, — O. This case 


corresponds to turbulent diffusion of the burned gases placed initially in the 
left half-space. Then (120) becomes 


(cx, y, t)) = (H(Wy — x) ' (121) 
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We can easily perform averaging (121) using only one-time Wiener 


process probability density function. Indeed, the derivative of the mean 


progress variable (cx, yt D with respect to x reads 


oo 2. 
Gelz, yt) = (Wy -x)) = [toy - x) P, (t, EI? = pees z 
O O 


Ox S Jo, f 

(122) 
2 2 
O, —yt, (123) 
taking into account that 
1 o 2 
wl J2zo d 20° | 

(124) 


We conclude from (122), (123) that the equation for (cx, yt )) reads 


0c) _ y? 6*(c) 


o 2 ax? po 
Eq. (125) is the diffusion equation with the diffusion coefficient 
D= E (126) 
2 


Let us return to the reactive case. To proceed we introduce the joint 


probability density function Pyn, (a,7,6) of W , | and x, ,. We have, taking 


into accout (100) 


Ju, (0,77,6) = By (@,7)0(E — yo- 1), (127) 
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where oi, H. are the sample variables for the random functions W,lx f> 


respectively. Then the first expression in (120) can be rewritten in as follows 


(128) 


je 


= | | [Go eu x)Bu Go MSE- yo-mdadndé 


The second line of (128) becomes after integration over 77 


(eG ».0) TNL 9). £ — yododédodë = | | Py, (@.€- 


—oo—oo —oox 


(129) 
— yw) dadédadé 


by virtue of the sifting property of the delta-function. (129) can be presented in 
the form 


(c(x, y.t)) = [ue H(é-x)P, (dé = H (E)dE (130) 


by virtue of the second expression in (120), where 


P, (€) = | Py (o, £- yodo (131) 


is the flame front position probability density function. 


Let us derive now the equation for probability density function Py (€, 77) . 
The SDE for W(t) and L(t) read 


dW 


=W, 132 
Es (132) 
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dl Jaw? 
3 =U, 1-W*. (133) 


Hence the equation for probability density function Py, Lei, 77) reads 


2 
Ey EO By u £ ETSIA (134) 


ô 20v» “dn 


(134) is augmented by the following initial conditions 


because W (0) = I(0) = 0. 
Let us differentiate (129) with respect to t 


0c) Tt? 


—o0X 


OP 
Inserting the time derivative F from (134) into (136) yields 
t 


alc) = ff "inn -u, Zl (1+ 9?)B,, (o, dä dadg 


Ot 


—00X 


(137) 


After some simple algebra (137) becomes 


o 29 T 
S E S SC [fao Buc. E- yododé. a38) 


—o0x 


The last term in (138) is nothing, but the expected chemical source 


(W(x,t)) =U, (Mots in (33). Indeed, we have 
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uy Vc(x,tb)) = EGE, 0) VGQ.r). (139) 
since, according to (31) 
IVc(x,£)| = ó(G(x.t)) VG(x.t).. (140) 


We obtain from (100) 


VG(x.t) 2 441-W? , 6(G(x.t)) = ó(Wy +1(1) -3) = (x, (y.t)- 3), 
(141) 


uy |Vc(x.t)| uy N1--W*ó(Wy +i- x). (142) 


Expected (142) is the source in (138). 


CONCLUSION 


The closed equation for the extended indicator function (or fine-grained 
probability density function) which includes both G(X,f) and its spatial 
derivatives of the first and the second orders is derived. Averaging the 
equation for the extended indicator function the closed equation for the 
probability density function for both G(X,7) and its spatial derivatives of the 
first and the second orders is derived in a white-noise in time statistically 
homogeneous isotropic constant density turbulent flow. The closed equation 
for the probability density function for both G(X,f) and its spatial derivatives 
of the first order is derived in a special case of a random shear flow, non 
homogeneous and non isotropic velocity field. 
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ANNEX A. DERIVATION OF EQUATION FOR 
THE PROBABILITY DENSITY FUNCTION OF THE SCALARG 


Let us introduce a reduced indicator function 
®,,(x,t,G) = ó(G(x.t) -G). (Al) 
Differentiating (A1) with respect to time 


Ob, Ch, o 3P, ôG 
ôt 0G ôt 6G ôt’ 


(A2) 


and taking into account PDE's (1), (6), (7) yields the Liouville equation for the 


indicator function OD, 


Ope Oe 0G _ (A3) 
Ot OG Ot 

DR ee uim EE o, |=0. (A4) 
Or | 0G OX, 


To recast (A4) we need the relation for the spatial derivative of the 
indicator function D , which follows from its definition (A1) 


0b, GE êD, ôG 


- (A5) 
Ox, OG Ox, OG Ox, 
Collecting the convective terms in (A.4) it becomes 
o p ^ 
S ey E MES e (4,9, )-0 (A6) 


ôt Ox ôĉ 
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by virtue of (A5). Eq. (A6) is not closed, since H, contains the derivatives 


De E 


It is worth noting that Eq. (A6) can be obtained also from (27), taking into 


account the relation between the indicator functions ® g and Oh 


ti | [00.5.6. P, p) dp.db, - (A7) 


—o0—o00 


Integrating (27) and (24) over p,and P; yields 


0b, CH, 0D, | ff OH, 


u ^ p (x.t, G, D. p) dp,dp;, =0. 
at k ax, op, óx, Pr Pi» Pi OPP jj 


—o0—o0 i 


(A8)) 


^ 


ET Kai E dj, d), + f. [25 ap, Padded, =O. 


Op, Ox, 


—oo—oo 


(A9) 


respectively. Expression (A9) transforms to 


^ 


CH, 00, Í Í o H,@dp,dp, + j j x 
emgeet [PK 


H 


P, dp;dp; =0, 
(A10) 

by virtue of (26). 
Excluding the last term in the LHS of (A8) with the aid of (A10) yields 


Eq. (A.6). 
Equation for the progress variable, (30) 


eis = [56.1646 = [6066.0 - G)46 = H (GG. 1) 
0 0 
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is obtained integrating Eq. (A6) over G in the range 0 < G € oo 


Oc Oc 
—+u, —— — H,ó(G(x,t)) =0, All 
2: o 1,0 (Gx.1)) (A11) 
Oc Ó 


Z pu, - HL6(G(X,.D) =u, IVGlé(GG, D) -us|Ve. (A12 
Ot Ox, 


The probability density function P,(x,t, G) is a mean of the indicator 
function D, , (Al) 


(®,) - (866,0 - 6) = East, (A13) 


Averaging (A6) yields the equation for the probability density function 
P, G (x, t H G) 


ôP, — @P, ð (u 
A L 


= E G - GP. |- 0, A14 
ôt ax âx, GC jn) Ge 


where (H r 


G= G) is the conditional mean of H, =u, Mc =Upp,i.e. 


G =Ĝ)P;(x,t,Ĝ) = [ fA, Popp, OG: p, By pd, - (A15) 


—00—00 


H 


Eq. (A14) can be obtained also from (51), taking into account the relation 
between two probability ^ density ^ functions Po Gr, G) and 


ge (x,1,G, Pi» Pi) 


P5(%t,G) = [| Popp, (0.66. Bis By dpdp, = | | PG, 6. B. By dap - 


—00 —00 —o0 —00 


(A16) 
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Integrating (51) over p,and Pj yields 


He pap dp, -[fs 


fad 


DP dp,dp, - 


(A17) 


Ot x: ts "n al 5 


The sum of the second and third terms in the RHS of Eq. (A17) can be 
transformed averaging (A10) 


Pdp,dp,, =0 


D 


ô f OH, VENE M 
E I A, pad DE ma PP db, - Í J =H, 


Therefore 


jj Eroa,- [ [T EE EE 


(A18) 
Plugging (A18) into (A17) yields Eq. (A14) 
OP, QE. | ^ | 
= -—-\ H =G)P,]=0, A19 
GE axa, aN à 7 Ss 


because 


- 55). 


Eqs (51) and (A14) can be simplified for the case of the initial condition 
(3), (78) 


ð 


x jj 1, Pop, %t.G, By» By PAP; = EAT H, 


(x,t 20,6, P Py) = O(% +G)d(6,, — P)O(D;)- (A20) 


Fop, Pij 


(A20) yields for the reduced probability density function P, (x,t =0, G) 
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P,(x,t =0,G) = (x, +Ô). (A21) 


In general case of initial condition (2) , the probability density functions 
Toig (x,,t,G, PP) and P; x.t, G) depend on x,and f, sample space 
variables Ĝ, b. P; and G , respectively. But for the case when G(X,f) solves 
(1) with the initial condition (3), the field e(X,£) in the decomposition (82) is 
statistically homogeneous. As a consequence, the G sample value and the 


coordinate x, enter into Pr, (X,t, Ĝ, Di» Pi) and P.(x,,t,G) through the 


combination G — (G) [7], i.e. 


Fo, p, 065 Gs Dj Pi) = Popp, © 8. Pir D). ê -G-(G). (A22) 


P,(x,t,G) = P,(t,G-(G)), (A23) 
where 
(G) —-—X +X(t), X(t)= [ure (A24) 
0 


) : (A25) 


(x,t) =G(x,) -(G) =G(x,1) +x — ult), 
G= (G) + 9(x,t) =—x, +u, (t)+ g(x.t), (A26) 
where g(X,f) is a zero mean statistically homogeneous field. 


We transform Eq. (A14) using the following expressions for the 


derivatives of Ps 
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OP, OP, OP, XG) OP, OP, E 
ôt Ot O0 Ot o ô uj). a -u,(t), | (A25 


ôP, OP, Op. oC) OP, HG) 
Ox Ox, 08 Ox Gë Gr 


OP, 0 E ð E ec 


ax? ax O08 ) Og 08 ) Ox, 08? ' 


--], (A28) 


(A29) 


taking into account (A24) and the statistical homogeneity of the field g(x,f), 
Le. 


OP, 
—£ 2. (A30) 
Ox, 


Eq. (A14) transforms to 


OP, OP OP ð i 
a g Oaa - (Ele =8)P,), SEH 
ôP, OP, ə 7 
= PD, —* - OPE Ps 
ac Do g Une = 8) mR DS 


where uy (t ) is given by Eq. (A25). 
Eq. (A32) transforms to 


H,g-8)-(H,)P., 
by virtue of (81) 


u,(t)= (H,) =u, (|VG}). 
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It is worth noting that applying the hypothesis 


(tle -)- (0n) Me (A34) 
(A33) becomes 
neh a 8 
The solution of (A35) is the Gaussion function 

f g 
On ete y geil Se 


Multiplying (A33) by £ ^ and performing integration over whole g yields 


the equation for the second moment ( g 2 


d 2 
B -2D, * 2(gH,). (A37) 


Stationary solution of (A37) reads 


0g Og R 0g ; 
(gH) =—ur(g|VG]) = -ur TET JS Jl CS 


The equation for the moment of order n ( g” ) reads 
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de). er "nr n(n — Ve" D, +n(g FUE N (A39) 


ANNEX B. DERIVATION OF THE EQUATION FOR 
THE PROBABILITY DENSITY FUNCTION 


We assume that the solenoidal velocity field is statistically homogeneous 


and isotropic. Hence the correlation tensor — B;( SE Je 


(u,( x,t Ju ,( SE ) can be presented as follows [8]. 


(u(x, Du (X,t) Bure | F0.) expik mak , 
r-x-x', (B1) 


where F;,(k,t,1^) is the spectral tensor 


F,,(k,t,t') = ei^ (r,t,t') exp(—ikr)d*k , (B2) 
, E(K,tt) kk E(k,t,t^) 
F,(K.t,t)- ED», U ) = EE E nn), (B3) 
k kk 
acce age (B4) 


The velocity field is delta-correlated, therefore 


B,(r,t,t') =26(¢-1) B? (r,t), (B5) 


eff vf [ LN [ [ 
B; (0-7 [8,G.1.00)4t = [B,t.1.1)dt (B6) 
—o0 0 
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B?! (r,t) = [ F! (Kr) expüknd^k , (B7) 
Fb [Bi a. DexpC-ikna"k , (B8) 
(27) 
M E(k,t) kk) E(k,t) 
E(k,t) = [Ett ar : (B10) 
0 


where dk is an elementary volume in the k-space (wave number space), 
dQ. is a solid angle 


d^k ^ k/dOQ, dQ = sin dedo. (B11) 
Below the following tensors appear 

I =- Indo I - Ian na? 

And! ^ ^ klij du eue , 


1 
den = An f AN N pnp do $ (B 12) 
Q 


These tensors are constructed on the base of the isotropic tensor Ô i 


1 
=e IER (B13) 
Q 
1 
"Lor [nnn dQ = a (8,8, 5,6, € 8,5,). (Bl4) 


Q 
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L ass = a (6,00 n d, d. + d, d i NO) A + 501m jn + 0,0,Ó im + 


ij mn im” jn in” jm lj” mn 


+ 6,6; 5 nn + 00,0, + O4j On im + Omi jn t+ Ó,,0,Ó, + ÓL,O,Ó; + 


li” mn lm” in ln” im km” li” jn 


+ 64,0 im + duu, + Otn Im; ) 


kn” li” jm kn” lj ^ im kn” lm” ij 
(B15) 
Constant @, is found performing the contraction in (B13) 
1 1 
I, 2 — [nndQ=1=3a,, a, == (B16) 
4 5 3 
Constant &, is found performing the contraction in (B14) 
1 1 1 
Lj; 7 — [nnda = — [a0 2171504. a, =>. (B17) 
Az v Az v 15 


Similarly, performing the contraction in (B15), we obtain the constant @, 


Lus = — fnn, d = L- [40-17 2,8-3-343:343-3^ 
4r dx, 


Q 
+3-3434343-343434343+43-34+34+3+3-3)=105a, 
1 
=—. B18 
ERT Es 


The averaging (27) is done with the aid of the Furutsu-Novikov formula, 
e.g. [5], [6] 


VC t)R[u]) - faf anle LS Ox xt, 


Ou, (x’,t') 
(B19) 
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OR] 
ou x o" 


where Rlu]is a functional of the random velocity field u(x,t), 


the functional derivative, and extended Furutsu-Novikov formula 


(L(u,(x,1))Rlu)) = f ax f ar (n c.t). xc NL 


Ou (x Bai 
Ost xt, (B20) 


u; =u,(X,t), uj -u(x,r'), 
where L(u (x,t )) is a linear differential operator 
L (x,t) 


e u, (X,t) n 


+4a,. (X,t 
LEVE Ox, Ox, 


L(u;(x,t))  —u, ep duxi) eo 
Ox, x, 


(B21) 


If the velocity field u(x,£) is delta-correlated in time, then the functional 


derivative _ lu] in (B19), (B20) is replaced by OR]. 
KI Ou ,(X',t^) Ver 
(L Un (x, t))R lu) = [ax (zt (x ch, (x, ol _ Ru] .(B22) 
ou (X t^) icm 


In our case the functional is the indicator function D governed by SPDE 
(27). Therefore the linear operator L(u,(x, t)) reads 


ô p% Don 0 (õun On, | Ou, ` 
(5) —| E t+ Pa + 
Ox, gos Op, Op, \ OX; Ox, CC, 


n 


L(u,(x,t))=—u, 
(B23) 


The functional derivative in (B22) is found from (27). It reads 
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D I 
KIK d 

0 06 [o [o ddr) ô 0'ó(r) 0 
o0 AH 2 p42 p, 898 2 P0 phos 

x j Or, Op m Op ml Ox, Op ml Ox, Ox, Op ml 

(B24) 
r-x-x, 
using the following formula 

Au Qr) = óó(x - x (t - ')H(t -'), Ox t €t. (B25) 
ou ,(X',t^) 


Averaging (27) and taking into account (B22)-(B24) results in the 


equation for the probability density function 


: is T 
Fe E d uf hào Se AL pp 
Ot Ox, \ Op, Op; V Op,OD, Op,Op, 


0 OBR 0 o (eB, op @BT 
- [dx(4- Bf E © (5,4 EQ 1c pe eed 
l | Zara op H y PU ET P 


| auf EI | 


3 D ad(r) o Gäil o 
Ox, Ox, Op m Op ml Ox, Op ml Ox, Ox, Op ml 


(B26) 
P=(0). 


Finally, using the properties of the delta-function in (B26), equation for 


the probability density function equation becomes 
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op 0 (0H ô (Å. EN? SE A 
E BBI, MU jm ———(6,P + 
Ot Ox Op, Op, Op, Op, Ox Ox, Ox,Op,, 


e 2 2 TN: 
TU jkim op OP, Läpp Ee ap E d PP) Uu s eut 
Ore NP » "EE e? EE 
tU gn =a APh dÉ PE lët, Hp imine) 
mF in i in "P ml 
i PME NP @ ma 
EU iaa a ap Pn (b, p,P)«U U son 55 ap Pa Pa PU pu S (Pur) 
e? ^ eH 
+U ,,, ———|p,P)+U P,p ,P)-—— p,,P 
jkin Ox OP, (p, ) jkinml ap a KPj E ap OP, Pri 
(B27) 
where 
= Be! (0,1) = H DENTEN ER 
0 
(B28) 
l ep 
D, => B (0,t) = | (u, (x, Du, (x,t"))d dl [Fe Ddk, (B29) 
0 
aie Ou, (x,t) Ou, i: Bie [2 Bur, 0 2 By" (r,t) 
Uu d x, o  Onr, Orr, d 
(B30) 


e E(k,t,t') 
Oui; = | kik F (Dd = [&; Ani? EI nn, ^k, 
(B31) 


1 
Uu = dE z ha , (B32) 
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D, = [k^ Ed, nat, (B33) 
0 


0 Bi (r,t) 
orr r Or, , 


H 


U ui, -| os D d Cu DG" dt = í OB, A, t,t") 
OxOx, Oh, y Orr or, Gr, i 


(B34) 
e E(k, t,t") 
U uis z f kk kk, Fi d (kk m [Gk Au) On =n Mik 
(B35) 
U ui, = Dyn Sen - 1] (B36) 
D, = [ k^E(k,t)dk. (B37) 
0 
The tensors [ j> I jj and I klijm, 1n (B32) and (B36) are given by the 
expressions (B13)-(B15). 
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DEPOSITION OF THIN FUNCTIONAL 
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VAPOUR DEPOSITION 
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B. Grünler and A. Schimanski 


Innovent e.V., Jena, Germany 


ABSTRACT 


The deposition of thin functional layers under atmospheric pressure 
conditions using flame-based techniques is a cost-effective solution for 
several applications in comparison with the well known vacuum 
techniques. The basic principles of the flame-based deposition techniques 
are reviewed and the technical realization is shown by means of selected 
examples of the current research and development of Innovent e.V. 

In the case of combustion chemical vapour deposition (CCVD) a 
combustible gas-air mixture is ignited in a burner. The temperature of the 
flame depends on the gas-air ratio and strongly on the zone of the flame. 
In the simplest case oxydizing and reducing flame are differed. In 
dependence of both of these main flame-properties, the chemistry of 
precursor reactions and film-deposition is influenced. The film 
morphology can also be adjusted for example by the distance of the 
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substrate to the flame. Additionally a specialized remote CCVD system is 
developed in order to deposit hydrolyzing precursers. 

The formation of silicone oxide layers with a wide range of 
properties is investigated in detail. The most famous applications like 
adhesive, optical effective, barrier and matrix layers for embedding 
particles are reviewed. Fundamental investigations were performed to 
deposit zinc oxide layers with the objective of transparent and conducting 
coatings. Further coating systems like photocatalytic active (TiO;), 
electrochromic (wolfram oxide), silver, aluminium oxide and rare-earth 
layers are also introduced. 


1. INTRODUCTION 


The deposition of thin films for the modification and functionalisation of 
surfaces takes place largely through the application of vacuum processes, for 
example by means of typical physical vapour deposition (PVD) such as solid 
state atomisation (sputtering), thermal or electron beam evaporation and 
chemical gas phase deposition (CVD) such as low pressure CVD. By 
evacuating the reaction chamber, a defined and controllable process 
management with a high degree of purity is made possible at the expense of 
high costs for plant engineering and the on-going operation, in particular for 
large area coatings and high throughputs. 

For these reasons, trials on depositing thin films under atmospheric 
pressure conditions are of great interest to the user. Thermal normal pressure 
CVD methods have long been known and are applied in a variety of ways. In 
the process, thin films are formed on hot surfaces by feeding gaseous or finely 
atomised fluid substances, so-called precursors, these being chemically 
converted on the thermally reactive surface. Due to the necessarily high 
substrate temperature, the material selection for this process is considerably 
limited. 

One alternative is offered by plasma discharges under atmospheric 
pressure conditions. In this case the conversion of the precursors takes place in 
the thermal or non-thermal plasmas. Due to the low energy input, the latter in 
particular are not only of interest for thermally sensitive substrates. The 
application of jet plasmas in particular is currently experiencing an enormous 
growth in significance. However, the treatment of large areas with high 
throughput rates is still a problem with these systems. 

A further method of depositing thin films under atmospheric pressure 
conditions is flame supported deposition. In contrast to the flaming of plastics 
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[1, 2] for the purpose of surface activation which has been established for 
many years (Kreidl process) and which proceeds without precursor additive, 
with flame supported deposition substances are fed which are either converted 
directly in the flame or in its immediate vicinity. As it is a chemical 
transformation process, this procedure isdesignated Combustion Chemical 
Vapour Deposition (CCVD). 

The historical coating method, also known as flame pyrolysis, was 
originally developed in the 1980's for improving the adhesion of metal-plastic 
composites in dentistry (Silicoater? process [3]). The surfaces treated in this 
case amounted to a few mm?. In the past years this process has undergone 
comprehensive further development with INNOVENT e.V. to become an 
applicable large-area coating technology. 

Accompanying this is a comprehensive development both in burner 
technology and in overall process control and monitoring. Initially, to improve 
adhesion and to inhibit corrosion, more or less undefined silicon oxide layers 
(SiO,) a few 10 nm's thick were deposited (PYROSIL? process [4, 5]). The 
present state of the art allows the deposition of large-area coatings of several 
metres in width by means of flaming and with it the adjustment of thickness 
and quality. The range of depositable materials has also developed strongly; 
besides SiO,, in principle virtually all metal oxides [6, 7] and even phosphates 
[7] or precious metals such as gold and silver [8] can nowadays be deposited 
by means of CCVD. 

The advantage of the flame supported coating process clearly lies in the 
significantly lower plant costs when compared to vacuum coating plants of 
comparable coating performance. Large-area coating with an adhesion 
promoter, e.g. for powder painting applications on float glass, only starts to 
make economic sense with this process. This also applies to simple optical 
functional coatings for anti-reflective coating of large areas. 

Of course, these advantages also have to be seen against a range of not 
inconsiderable disadvantages which limit the process. In comparison to 
physical and chemical low pressure processes which necessarily have to run in 
a closed system, an open system exists in the atmospheric pressure process. 
Due to the nature of the flame and the chemical processes taking place therein, 
the selection of substances for deposition is more or less limited to strongly 
oxidised materials with the exception of some precious metals. 

The thermal stressing of the substrate limits the deployment of the CCVD 
methods; however, with suitable parameters and plant modifications, even heat 
sensitive materials can be coated. 
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This paper is an introduction to the basic principles of CCVD and some 
approaches to coating solutions based on selected examples of applications 
already implemented or current development work. 


2. THE CCVD PROCESS 


Combustion is understood in general to be the oxidation of a fuel 
(methane, propane, etc.) under the formation of a flame. It is an exothermic 
reaction which gives off energy in the form of light and heat. In the process, 
the appearance of the flames, i.e. their size, shape and temperature is 
dependant on different factors such as the ratio of fuel to oxidant (e.g. propane 
to air) and the burner used by influencing the gas flow. The temperatures of 
propane-air flames range from 800 °C up to 1800 °C [9]. In principle, the 
temperatures in the oxidising range are higher than in the reductive range. A 
large part of the chemical reaction proceeds in the occurrent flames. 


ly unit 
fuel/air supply unit iia Sep: S 


burner 
flame 


substrate coating 


movable substrate holder (heatable) 


Figure 2.1. Schematic presentation of the CCVD deposition method. 
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Figure 2.2. Schematic presentation of the remote CCVD (r-CCVD) deposition method. 


In the case of purely thermal CVD processes, gaseous precursor 
substances or vapours are converted into film forming material only by the 
high temperatures of the substrate surface. This conversion can in a broader 
sense also take place in a correspondingly hot volume of gas. With CCVD 
processes the flame is not only the supplier of energy but also produces highly 
reactive species such as OH* hydroxide radicals. 

The principle of all flame supported film deposition processes is the 
chemical conversion of at least one precursor which is also why the 
designation CCVD is used. With flame pyrolysis the chemical compounds are 
broken down thermally by high temperatures (T > 500 °C) directly in the 
flame (Figure 2.1). 

Hence the substrates to be coated do not have to possess high temperatures 
in comparison to low pressure and plasma enhanced CVD processes in order 
to enable film deposition on the surface. With the classic CCVD processes, the 
precursors are conducted directly through the flame and converted there while 
with the remote CCVD processes (r-CCVD), the precursors are chemically 
transformed in the immediate vicinity of the flame (remote zone). Depending 
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on the chemical composition of the precursor substances, pyrolytic and/or 
hydrolytic reactions thus lead to their breakdown or, in the case of solid 
nanoparticles, to their surface activation. Precursors can be introduced into the 
flame in various ways depending in which physical or chemical state these are 
available. Liquid precursor substances with an adequate vapour pressure can 
be introduced into the combustion gas or the applied air. Solids can likewise 
be fed in the form of solutions or nanoparticles in a suspension. Flame 
pyrolysis is thus a versatile method for manufacturing thin films under 
atmospheric conditions. Several publications [6, 7, 10 - 14] show the 
diversification of application options. 

The main difference between the conventional CCVD processes and the r- 
CCVD processes lies in the nature of the proceeding reaction. With the CCVD 
process, the precursors are introduced directly into the flame and pyrolytically 
broken down there. The resultant broken down products react with the highly 
reactive combustion products. 

In the r-CCVD process, on the other hand, the precursor substances are 
indeed conducted into the direct vicinity of the flame but they do not end up en 
masse in its hot zone. Hence pyrolytic reactions play only a subordinate role 
here. In fact, with this process hydrolytic reactions can be exploited whereby 
the flame serves as a supplier of energy and water. By means of a suitable 
configuration of the geometric arrangement of burners and precursor nozzles 
in relation to each other and to the substrate, a defined reaction zone can be 
created (Figure 2.2) which is limited by the flames. Moreover, the carrier gas 
stream prevents the flames from coming directly in contact with the substrate 
which is advantageous in the case of sensitive materials. 


2.1. Fundamentals of the Combustion 


In the case of CCVD, a mixture of propane C3Hg and air is used as the 
combustion gas which is premixed in a gas generating unit to a specific, 
adjustable ratio to the volume flows and subsequently conducted to the burner 
element and burnt there. The set propane-air mixture has a decisive influence 
on the combustion and thereby also on the film formation process. This ratio is 
referred to as the air ratio Agir [15] and can be described with 


air = ML actual / IDL min (2.1) 
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whereby My actual is the available air mass and My min is the stoichiometric air 
mass. At the same time, the value Aji, can assume less than (combustion with 
air deficiency), equal to (stoichiometric combustion) and greater than 1 
(combustion with excess air). 

Because the combustion of propane constitutes the basis of the CCVD 
process further developed by INNOVENT e.V., it is this process which will 
now be dealt with in detail. The precise description of the many individual 
activities taking place during combustion is very elaborate and is described as 
an example in [16 - 18]. Due to the large number of reactions, only a selection 
of elemental reactions of the precursor substances participating in the film 
formation will be gone into. The use of propane as a combustion gas in the 
flame pyrolysis has the advantage over natural gas in that no fluctuations occur 
in the composition of the combustion gas which could have an influence on 
the process. 

In the case of a burner system with a laminar flow profile, the flame can in 
principle be subdivided into several zones [19]. Different temperature 
gradients result from this and reactive species can be found. Directly below the 
burner outlet is the reductive zone (Figure 2.3). This is the coldest zone of a 
flame. The hydrogen present is oxidised to water and the single free radicals 
are hydrogen radicals H* which react with the hydrocarbons and oxygen 
present thereby preventing the formation of further radicals. This zone is 
irrelevant in the technical utilisation for a film deposition or activation as no 
oxidation of the substrate surface occurs. 


Burner 


reducing 
Flame 


oxidizing 
Flame 


Figure 2.3. Depiction of the most important flame-regions of propane-air flames. 
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The zone which is primarily utilised is the oxidising zone which follows 
the reductive zone. The temperatures lie in a range of around 1800 °C [9] and 
are thus the highest in the flame. Free radicals are present in excess to the 
detriment of the reactant whereby this zone is heavily oxidising. The 
composition and the associated characteristics of the flame can be altered 
within certain limits. An almost transparent flame is produced when the 
oxygen component is strongly increased and thus a lean mixture is burnt 
whereby methyl radicals CH* are increasingly excited. By contrast, the flame 
in an extreme case with a rich mixture becomes yellowish through the 
excitement of carbon dioxide radicals CJ and C particles. The zone following 
this is the largest in the case of laminar flames. The temperature remains 
constantly high over a wide range due to the exothermic oxidation of carbon 
monoxide CO. Here, H°, OH* and O° radicals can also be confirmed among 
the typical molecules of the oxidising zone [20]. 

In general, the oxidation of hydrocarbons consists of a complex reaction 
mechanism with many elemental reactions. This is already clear with the 
oxidation of the simplest aliphatic hydrocarbon, methane, which consists of 
approx. 400 elemental reactions. The global reaction of the propane oxidation 
is given with 


Caas + 502) = 3CO» + AHC, (2.2) 


The required stoichiometric ratio of propane to oxygen for the complete 
combustion of propane can then be calculated. Allowing for a volume 
component of oxygen in air, this ratio is 1:23.9. For a complete combustion of 
the propane, a propane/air ratio of at least 1:24 should be selected. However, 
combustion processes never proceeds fully [19]. With the combustion of 
hydrocarbons, both uncombusted species and carbon compounds such as CO 
and others are always present. When air is used for combustion, there are also 
typically nitrogen compounds NO, [21 - 23] present. 

Turns [16] describes by way of example the oxidation of aliphatic 
hydrocarbons of a higher order (CHən+2, n > 2) in eight steps. Initially, the 
hydrocarbon radicals form ethyl and methyl from the C-C bonding with the 
participation of a collision partner M 


CH. +M — C>H;° + CH;° +M. (2.3) 


In a second step, these hydrocarbon radicals react with the unsaturated 
hydrocarbons ethylene and methylene forming hydrogen radicals 
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CjHs* +M —> C2H4 + H* +M (2.4) 
CH. +M —> CH: + H° +M. (2.5) 


With the emergence of hydrogen radicals, a range of new radicals such as 
O° and OH" are formed 


H°’ + O, —> O° + OH*. (2.6) 


In the subsequent reaction of these radicals with new propane molecules, 
n-propyl or isopropyl radicals emerge 


OH* + C3Hg — C3H7* + HO (2.7) 
H°? + CH, — CH t H5 (2.8) 
O° + CH, — CH + OH’. (2.9) 


These radicals break down to 


C4H;5* +M — C3Hg + H° +M (2.10) 


CH +M — CH. t CH;* +M. (2.1 1) 


The unsaturated hydrocarbons from the previous steps react further to 
form formyl radicals and formaldehyde 


C3H, + O° > C2H;° + CHO* (2.12) 
C3H6 + o° — C2H4 + CH-O. (2.13) 
The formation of carbon monoxide from products of earlier reactions 


CH; + O° > CO + H; (2.14) 


CH; t O, —CO+ HO (2.15) 


and its oxidation 
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CO + O: > CO; + O° (2.16) 
O° + H2O — OH* + OH* (2.17) 
CO + OH® —> CO; + H° (2.18) 


are likewise an important component. For both the activation of surfaces and 
for the deposition of thin films and the directly associated decomposition and 
reaction of the precursors in the flame, the radicals formed, in particular o’, 
OH" and H°, play a decisive role. 

Glassman [24] and Warnatz [25] further describe the processes of 
combustion and its thermodynamic in detail. 


2.2. Technical Implementation 


The precursor is in general fed as a vapour or aerosol directly into the 
combustion gas/air mixture and thereby conducted to the burner element. 
There, it is chemically converted in the flame and conveyed to the substrate 
surface. To guarantee an even coating of the substrate — glass, ceramic, metals, 
plastics or even textiles are conceivable here — it is guided through the flame at 
a specific velocity. The resulting contact duration between the substrate 
surface and flame determines, along with the burner-to-substrate distance 
"bsd" (distance between the bottom edge of the burner and the substrate 
surface) and the precursor concentration, determines the film growth. This 
procedure is repeated cyclically until a specific film thickness is achieved and 
is termed burner passes "bp". 


Table 2.1. Overview of process parameters associated with typical limits, 
which vary strongly depending on the layer system 


Process parameters Unit Typical range 
Propane flow rate l/min 0.5 to 50 

Air flow rate l/min 15 to 1000 
Precursor flow rate ml/min 0.5 to 10 
Burner-to-substrate distance (bsd) mm 2 to 40 
Substrate speed mm/s 20 to 400 
Burner passes (bp) — 1 to >100 
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Figure 2.4. Schematic build-up of a burner with the main components: gas-air supply 
(1), pressure compensation chamber (2), baffle plate (3), effusion nozzles (4). 


An overview of the variable process parameters is given in Table 2.1. 
These parameters are set separately from each other and interact to influence 
the resulting film properties. More detailed explanations follow in the next 
section 2.3. 

Apart from the parameters identified, the selection of burner type is a 
decisive factor in the depositing of thin films. Figure 2.4 shows the schematic 
structure of a burner for large-area, planar substrates. Small hand-held 
equipment with tailored storage vessels for the gas-precursor mixture which, 
for example, are suitable in particular for the surface activation and pre- 
treatment for adhesive bonding of small three dimensional parts, can likewise 
be used. 

The combustion gas/air mixture containing the precursor is conducted (1) 
directly into the burner and distributed homogenously over the breadth of the 
burner in a pressure equalisation chamber (2). In so doing, the built-in baffle 
plate (3) effects homogenisation over the width of the burner via pressure 
equalisation. Depending on design, this mixture arrives at the burner outlet (4) 
via round holes or slot-shaped outlet openings and is combusted at this point. 
For surface activation, typical commercially available systems (SURA 
Instruments, Webber Brennertechnik) are used which are not, however, 
conceived for the deposition of thin films. The capacity of such burner designs 
is in the range of 0.3 — 0.8 kW/cm burner breadth. Thermally demanding 
materials can only be coated conditionally by this means. Nevertheless, 
coating of plastics, for example, is feasible by means of shortening the contact 
time and introducing pauses between the passes which is, however, very time- 
consuming. A development in new burner types should obviate this problem. 
These evolved slot burners, then, offer the advantage of working with a 
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capacity of only 50 — 100 W/cm burner breadth whereby the heat input is 
reduced. Due to the homogenous flame front, substrates with marginal 
deviations in the film thickness can be produced [26]. 

CCVD or r-CCVD systems basically consist of three fundamental 
component parts: a gas controller, a precursor dosing unit and a gas outlet 
system — the burner. Figure 2.5 shows both systems schematically. A 
conveying system for substrates, extraction and filtering equipment for exhaust 
gases and the appropriate instrumentation for determining the system-specific 


parameters complete the set-up. 
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Figure 2.5. Installation of a CCVD system (a) and a r-CCVD system (b). 
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Figure 2.6. The flame pattern of an optimized coating dual-slot burner (30 cm breadth). 
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Figure 2.7. Typical r-CCVD coating system with two borehole burners and an slot- 
style exhaust mechanism for the precursor between the burners. 


The ratio of the mixture of propane and air is regulated by means of a gas 
controller by which the respective flow is predetermined. Burners vary in 
execution which is determined according to substrate size and shape. The 
required power as well as the homogeneity of the coatings likewise plays an 
important role here. Ribbon burners, with breadths from a few centimetres up 
to over a metre are just as conceivable as slot burners. Ribbon burners were 
originally developed for the surface activation and heating of substrates and 
therefore work with a capacity of approximately 500 W/cm which makes them 
unsuitable for homogenous coatings. These burners, specifically developed for 
coatings, therefore mostly have fairly complex facilities for the 
homogenisation of the gas flow and adapted outlet openings which enable a 
homogenous flame fringe (Figure 2.6). 

By means of specific modifications to the burner, the required total 
quantity of gas can be reduced considerably so that both the energy 
consumption (« 100 W/cm) as well as the thermal stressing of the substrate is 
reduced. 

These assertions apply equally to the r-CCVD process with the difference 
that additional discharge equipment for the precursor is deployed which 
delivers the latter into the vicinity of the flame (Figure 2.7). 

Generally the precursor feed takes place in the carrier gas stream, 
preferably air, but nitrogen, argon or oxygen are also conceivable. Depending 
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on its form, the respective precursor substance must be injected into this 
carrier stream in a suitable way. Gaseous substances can be admixed by means 
of an appropriate controller. Liquid substances with an adequate vapour 
pressure can be transformed into the gas phase via bubble or vaporiser 
systems. In the case of these precursors, heating of the entire precursor feed 
line up to the burner or the discharge opening can be necessary in order to 
prevent recondensation. Solid precursor chemicals can also be used. These are 
available either dissolved in a fluid medium or as nanoparticles in a 
suspension. In order to achieve a homogenous distribution of these substances, 
the liquid carrier medium must be atomised in a carrier gas stream. This can 
take place, for instance, through appropriate nozzle arrangements [6]. The 
precursor gas in the case of the CCVD process is conducted directly into the 
combustion gas air flow and thence fed to the burner. On the other hand using 
the r-CCVD process, the precursor gas is fed via a separate precursor 
discharge aperture. 


2.3. Coating Morphology in CCVD 


With the injection of the precursor molecules, the conversion takes place 
in accordance with the injected chemicals per equation 2.2. Using the example 
of the extensively deployed SiO, coating system, one arrives, using 
hexamethyldisiloxane (HMDSO), at 


C&6H4508S15 + 120, — 6CO, + 9H.O + 2Si0> (2.19) 


for thin films. The flame gases thereby incorporate the material to be 
condensated in ample form. The phase change is induced in accordance with 
the classic nucleation theory (Volmer, Weber [27], Becker, Dóring [28], 
Frenkel [29] and Zeldovich [30]) through the formation of critical clusters. 
Further growth is determined by Brownsche coagulation. The precursor 
concentration is the primary cause for the particle formation in that it has a 
direct influence on the number of critical seed crystals through oversaturation 
of the flame. 

The manner of the film formation depends not only on the specific 
properties of the materials to be deposited, system-determined parameters also 
play a strong part in the development of specific structural features. The 
reaction time t,, which elapses in the gas stream between the commencement 
of the chemical reactions and the appearance on the substrate, is of a decisive 
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duration in this connection. This is determined by the burner-to-substrate 
distance, the exit area of the gas Apure: and the exit velocity of the gas stream 


air Qui, propane Q,4, and precursor Qprec 
t,= (bsd ý Aburner) / (Qair + Quas + Qprec). (2.20) 


It lies in the 4 ms range and as an initial approximation the burner-to- 
substrate distance and the exit velocity are inversely proportional to each other 
whereby each of these magnitudes also exerts its own influence on the result 
of the deposition process. 

After the formation of the first seed crystals as a consequence of critical 
clusters, the further growth is determined through enlargement of the particle 
diameter and subsequent particle agglomeration. In general a large burner-to- 
substrate distance coupled with a longer reaction time in the discharging gas 
volume means that an increased agglomeration takes place which leads to the 
depositing of larger particles. Further details on particle growth, particularly in 
flames, can be found in [31 - 34]. In extreme cases, the formation of dust 
particles which are no longer cross-linked with each other takes place and 
these land on the substrate as a wipable layer or are borne away by the gas 
stream. By preventing the volume agglomeration, relatively smooth and dense 
films can be produce with a roughness of R, < 1 nm. In the case of stronger 
agglomerate formation, porous and rough films with values of Rg > 10 nm 
develop. The morphology of the resultant films is shown in Figure 2.8. 

In the case of flame pyrolysis, the liquid precursors are thus brought into 
the hot reaction zone whereby the solvent rapidly vaporises or breaks down 
and forms precursor gas. By this means the desired products can be formed 
through breakdown or other chemical reactions. 


Figure 2.8. SEM images of flame pyrolysis deposited S1O, layers with different 
structures: more dense and smooth (a) or very porous (b). 
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The choice of suitable precursors and process parameters is important in 
transforming the whole precursor to the gas phase, otherwise a spray pyrolysis 
would proceed rather than a true CVD process [6]. Thus seed crystals initially 
form in the flame and already partially agglomerate in the progression of the 
process. 

A likewise decisive process parameter is the substrate temperature. This is 
determined by the effect of the flames subject to substrates-specific 
characteristics such as heat conductivity or degree of IR absorption and 
system-specific magnitudes such as substrate traverse speeds but also the 
distance to the burner (see section 2.1) and the discharge velocity of the gas 
stream. 

The theoretically achievable film thickness can be roughly determined 
based on physical considerations. Based on the concentration of the precursor 
Cprec and its dosing rate qprec and with the given traversing speed of the 
substrate MN. and the width to be coated b,,,, the resultant film thickness d; can 
be determined. In considering the density of the resulting film py, this yields 


d;= Cc: (Cprec ` Qprec) / (Vsub by Ppp). (2.21) 


This theoretically calculated film thickness will not, however, be achieved 
due to a few factors. For example, the density of the developed film can vary 
strongly and thus deviate from literary values. Depending on the dosing of the 
precursors, it is likewise conceivable that due to recondensation on the side 
walls or, in the case of aerosols simple wall contact, the number of convertible 
particles in the reaction space decreases. The conversion rates of the precursor 
in the flame also play a decisive role. These affect, on the whole, a decrease of 
the resultant film thickness and are embraced in the correction factor c. Not 
taken into account here are the particle growth and its agglomeration in the 
flame which likewise have a direct influence on the density and thickness of 
the film. 

The multiplicity of the influencing parameters makes it clear that film 
deposition with the CCVD and r-CCVD processes is a very complicated 
procedure and suitable conditions have to be found for each species to be 
deposited, each substrate material and each substrate geometry in order to 
achieve the desired coating parameters. 
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3. SELECTED EXAMPLES 


3.1. Transmission Enhancement (On Glass, Plastics) 


The flame pyrolytic deposition of nanoscale SiO, films represents a 
simple but economical coating alternative for enhancing the light transmission 
of transparent substrates by reducing the surface reflection. These types of 
solutions are at present being urgently sought in various technical fields. An 
increase in light transmission is not only of interest for the glazing of buildings 
but also for raising the effectiveness of plant for the exploitation of solar 
energy ranging from greenhouse glazing to photovoltaic and solar heat plants. 

For a while now, attempts have been made to achieve such effects by 
applying so-called moth eye structures [35], by the use of Sol-Gel systems [36 
- 38], by blooming the glass substrate by means of sputtered coating systems 
[39] or by etching. These technologies have indeed exhibited partially good 
results in terms of the gain in transmission but are nonetheless very investment 
and operating costs intensive. The Extra Clear P coating developed by 
INNOVENT e.V. is a system which can be produced economically and on 
large areas. 


incident ray 
reflected ays 


Figure 3.1. Principle of light refraction and reflection on the transmission increasing 
SiO, coating. 


138 I. Zunke, P. Rüffer, T. Tolke et al. 


a) 0.104 Extra Clear P Ref. Floatglass b) 0.984 Extra Clear P Ref. Floatglass 
0.964 
0.08 0.944 y 
PEN y 8 ell 
8 ool M “WH 2 092 
5 pee £ 090] | 
Es] E WN. 
o o 0.884 | 
g 004 = f W 
X f^ E 0.864 | — N 
0.024 0.844 | 
0.824 
0.00 ; ; j 0.801 : ; 
500 1000 1500 2000 2500 500 1000 1500 2000 2500 
Wavelength / nm Wavelength / nm 


Figure 3.2. Reflectance (a) and transmittance (b) of untreated float glass and S1O, 
coated Extra Clear P glass. 


The effect of the transmission increase is based, as with the above 
mentioned processes, on a nanoscale roughening of the substrate surfaces, e.g. 
of float glass. Due to the deposition of stochastic distributed SiO, particles 
controlled via the concentration ratio of the organosilicon precursors in the 
combustion gas mixture and the matched burner-to-substrate distances, a 
porous film results (see Figure 3.1) with an effective refraction index which is 
lower than that of the glass substrate. As a consequence of the multiple 
refraction and reflection on the rough surface structure, a feedback of the light 
takes place in the direction of the substrate. Because the density of the porous 
film increases towards the substrate, the effective refractive index, which is 
yielded as an averaging of the indices of air and SiO,, converges in this 
direction on the value of the glass substrate (Figure 3.1). 

Float glass samples treated on both sides which had been produced using 
this process in a plant for coating up to 1.2 meters wide flat substrates (called 
Extra Clear P) were certified by the independent test institute ift Rosenheim in 
accordance with EN 410:1998-04. The light transmission index was increased 
through the flame pyrolytic SiO, deposition from t, = 0.91 to t, = 0.95, 
correspondingly the light reflection index was lowered from p, = 0.08 to p, = 
0.03, whereby the uncoated float glass by the company Guardian was used as a 
comparison (Figure 3.2) [40]. 

To test the long term stability of the Extra Clear P coating, a verification 
of the durability of the coated samples was likewise carried out at ift 
Rosenheim in accordance with DIN EN 1096-2, Class A. In so doing, the 
samples were tested for their resistance to condensation on the surfaces, their 
resistance to sulphur dioxide SO», their resistance to abrasion and their 
stability against salt spray mist. Before and after the tests, the light 
transmission of the individual probes was determined at 550 nm and 900 nm. 
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In none of the specified endurance tests any alteration in the coating properties 
and thereby the transmission index did occur. Thus the coating Extra Clear P 
fulfils the requirements of DIN EN 1096-2, class A and is thereby suitable for 
the highest DIN demands on coated glass. This guaranteed and unlimited 
deployability of this type of coated glazing allows the application of the 
external side in the facade during weathering [41]. 

In addition to improvement of the transmission properties, the glass plates 
provided with flame pyrolytic SiO, also exhibit a lower tendency to soiling 
due to the hydrophilic effect of the coating. 

The two effects together demonstrate their value directly in an increase of 
solar yield. This was shown in an outdoor weathering test on the Canary 
Islands over a period of 7 months by a 6.596 increase in capacity of the treated 
modules in comparison to untreated modules [42]. 

A transmission increasing effect is in principle also achievable on 
transparent plastic materials. However, the samples have to be moved under 
the burner at a significantly higher speed in order not to damage the material 
itself. There are thus more burner passes necessary to achieve a similar effect 
to that of glass substrates. 

An increase of the diffuse transmission of approximately 1.596 (in the 
550 nm range) for polymethylmethacrylate PMMA can be achieved for 
instance coating both sides using 8 bp each at a substrate speed of 400 mm/s 
(Figure 3.3). 


— — PMMA untreated 
— — PMMA (Pyrosil), 6 runs, both sides 
PMMA (Pyrosil), 8 runs, both sides 
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Figure 3.3. Transmission enhancement on SiO, coated acrylic glass (PMMA). 
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This value could still be increased using more burner passes but this 
would have no advantage due to economic considerations. At this juncture, 
therefore, there still exists a considerable development potential to arrive at 
higher coating rates with less stressing of the substrates using adapted burners. 


3.2. Activation of Plastics 


A further area of application for the flaming process is the surface 
activation of materials, in particular plastic materials. These types of surface 
pre-treatments are deployed by industry in many cases and are necessary in 
order to configure the subsequent process steps, such as painting or adhesive 
bonding, more efficiently. 

In addition to flaming, alternative pre-treatment processes are also 
deployed which are executed in both the low pressure area as well as under 
atmospheric pressure. In addition to flame treatment, the corona discharge 
process is the most frequently used for surface activation of polymer substrates 
[43]. A decisive step is constituted here with the oxidation of CH3 methyl 
groups on the surface to hydroxymethyl CH5;OH [44]. Further explanations on 
the change in the surface chemistry can be found for example in [19]. To be 
able to make an assertion as to the efficiency of these different pre-treatment 
processes, one can avail oneself of such expedients as the determination of the 
surface energy of pre-treated surfaces [45] or even the determination of the 
strength of specifically produced adhesions [46]. 

The determination of the surface energy on the samples tested were 
performed 10 minutes after the pre-treatment on an OCA 15 plus contact angle 
measuring system by the company dataphysics. 10 drops each of various test 
fluids per sample were measured whereby 5 samples were tested per pre- 
treatment. 

To determine the tensile strength, peeling tests using an adhesive strength 
testing system by the company Instron GmbH were specified and for each pre- 
treatment 10 tests were performed. 

A comparison between conventional burners (e.g. Webber) and newly 
developed slot burners was made using polypropylene surfaces. This material 
was selected because in its untreated form it is practically not glueable on any 
permanent basis. The tests showed that in the case of an activation with SiO, 
deposition, equally good adhesive strengths after stress tests (water immersion 
for 5 hours at 95 °C) were achieved as with the conventional burners (Figure 
3.4). The energy consumption could, however, be reduced with the newly 
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developed burner to approximately a third which is not sufficient for a pure 
activation without SiO, deposition. 


[EJ doped 
[+ undoped 


A OH 


Adhesion strength / MPa 
N 


o 


Webber-burner Slot-burner 


Figure 3.4. Comparison of the adhesive strength of polypropylene CCVD treatments 
with borehole Webber burner and newly developed slot burner. 
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Figure 3.5. Polar ratio of the surface energy and tensile strength of adhesive 
composites of untreated and PYROSIL® flame treated plastics. 
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The increase in surface energy in the processes tested is fundamentally 
based on the rise in the polar component, while the dispersive component 
remained to the greatest extent unchanged. Figure 3.5 shows the effect of the 
flaming with PYROSIL? on the polar component of the surface energy for 
four different plastics tested (polypropylene PP, polyoxymethylene POM, 
polyethylene PE and polyamide 6 PA6) as well as the measured values of the 
tensile strength of adhesive bondings with untreated and flamed plastic 
surfaces. 

This demonstrates that polypropylene in particular can be activated well 
through flaming and a clear improvement in tensile strength is achieved (from 
0 to 5.6 MPa). The increase in adhesive strength is accompanied here in the 
case of polyethylene with the increase of the polar component of the surface 
energy. That this is not inevitably the case, however, is demonstrated by the 
two other polymers. Also in the case of POM and PA6 an improvement in the 
adhesive strength can be observed, even if less so, although the polar 
component is here reduced through the flaming. 

In comparison to other activation processes it appears, based on the tensile 
strength values (Figure 3.6) which are ultimately relevant for practical 
application, that the flaming with SiO, in the case of polypropylene yields a 
significantly better effect. Only the technologically more complex fluoration 
achieves a similarly good effect. 
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Figure 3.6. Comparison of the polar ratio of the surface energy and tensile strength of 
adhesive composites for different pre-treatment methods of polypropylene. 
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Figure 3.7. Basic molecular structure of the substrate-coating composite using a 
PYROSIL*/primer adhesion promotion layer. 


3.3. Adhesion Promoter 


A further application example for the use of flame pyrolytic deposition of 
SiO, films (PYROSIL®) is the adhesion improvement of powder paints on 
glass surfaces. 

Until now, ceramic pigments, so-called enamel coatings, have been used 
for the design of coloured glass. These enamel coatings, after being applied by 
means of the screen printing method, are burnt in at 600 °C and thus 
permanently bonded to the glass. The decor applied in this way is indeed very 
scratch resistant and weatherproof, however the highly energy-intensive 
process of burning in and the occurring irregularities in the illustration of the 
image or coloured surface in this coating process has, if anything, a 
disadvantageous impact. 

With the utilisation of the PYROSIL® technology, a process has been 
developed which allows powder paint coatings to be applied with a permanent 
bond to the glass surface as an alternative to the enamel coatings. Until now, 
the use of these powder paint coated glass plates has only been feasible on the 
interior as the paint did not form a bond with the glass but only lay in a cured 
form on the glass surface and hence an infiltration of airborne moisture led to 
rapid detachment of the paint coatings. With the new pre-treatment systems 
based on the utilisation of PYROSIL® and an adhesion promoter specifically 
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adapted to powder paint, the powder paints can be applied with permanent 
adhesion to the glass surface and, after curing, form a weathering-stable bond 
suitable for external use [12]. 

These cases exploit the high density of active OH groups on the surface of 
the SiO, films deposited by flame pyrolysis which adhere very well to 
previously cleaned glass substrates. Glass surfaces activated in this way are 
provided with a docking adhesion promoter (primer), targeted at these OH 
groups, which is sprayed on. This primer is tuned to the binding agent system 
of the powder paint being used so that, after curing and polymerisation of the 
paint, an overall permanent and stable bond results (Figure 3.7). 

For the production of weatherproof, coloured glass elements, a UV stable, 
polyester based powder paint is used, as a rule. 

To verify the outdoor weather resistance of the coated glass elements, 
these have been subjected to the applicable quality tests. To evaluate the 
adhesive strength, significant samples were stressed for 1000 hours in the salt 
spray mist test in accordance with DIN 50021, 7 days in the water 
condensate/alternating climate test in accordance with VDA and 500 hours in 
the artificial weathering test in accordance with DIN EN ISO 11507. Apart 
from that, the samples were stored in an in-house rapid alkaline test for 72 
hours. 


E A = dach EXT. S i 
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Figure 3.8. Powder coated glass panes on load test without pre-treatment (a) and with 
PYROSIL®/primer pre-treatment (b). 
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Figure 3.9. Adhesion strength values of a powder coating on untreated and on 
PYROSIL^/primer pre-treated glass, unloaded and after 1000 h salt spray test. 
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Figure 3.10. Antibacterial activity of SiO,: Ag layers for different concentrations of 
AgNO; solution used for film deposition, in dependence on the burner passes. 


The test for adhesive strength was carried out by means of crack detection 
and cross cut tests as well as quantitatively by means of peeling. 

With all stress types, the adhesive strength of the powder paint coat on the 
glass using surface pre-treatment, and after the repetition of several series of 
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tests, was evaluated as excellent. Infiltration of the powder coating at the 
scoring was not established even after longer dwell times in the stress test 
(Figure 3.8). 

The peel tests in particular showed that the application of primer without 
the SiO, underlayer and also the flaming without subsequent primer 
application do not deliver the desired adhesive strength values. The best 
adhesive strength values are only achieved through the combination of 
PYROSIL? and primer (Figure 3.9). 


3.4. Matrix Films 


Besides the direct deposition of coating material by means of the chemical 
conversion of the precursor materials in the flame, is also possible to embed 
nanoparticles in a matrix film. In so doing, these nanoparticles can either be 
already available and are, for example, conducted through the flame together 
with the precursor which forms the matrix film or it is also possible to use a 
precursor mixture of which one component generates a matrix film and the 
other the embedded nanoparticle. 

To produce antibacterially active films, both the suspensions of silver 
nanoparticles mixed with HMDSO are sent through the flame as well as a 
mixture of HMDSO and dissolved silver salts. In both cases it was possible to 
verify a germ reducing effect of the deposited silver-bearing SiO, films [47]. 

An example of the formation of biocide-active silver nanoparticles by 
means of the addition of dissolved silver nitrate is shown in Figure 3.10. Here 
the luminescence signal is illustrated, measured in a BacTiterGlo™ test for 
different silver-bearing SiO, coatings on glass, whereby the number of burner 
passes and the concentration of one of the HMDSO precursor admixed AgNO3 
solutions in isopropanol is varied. The luminescence signal is hereby a 
measure for the metabolic activity of the e. coli bacteria used in this test. If the 
silver concentration is very low, or zero, then no significant effect is 
recognisable. With increasing silver concentration, the bactericide activity 
rises initially with higher pass numbers and with even higher concentrations, 
strong activity is already present for low pass numbers. 
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3.5. Barrier Films on Float Glass 


Float glass corrosion is an on-going and costly problem for all float glass 
manufacturers. As early as the emergence of the glass from the protective 
atmosphere shrouded tin bath, the glass surface makes its first contact with the 
air humidity. During the cooling off process, water accretions occur and the 
first stages of glass corrosion are initiated [48, 49]. If the glass is yet further 
transported (different climate zones, sea air) or the storage time exceeded, the 
goods can become useless for their application or further finishing stages. The 
formation of deposits and, in the worst case, the degradation of the SiO» 
network [50, 51] can occur. 

The idea of the trials was to prevent the initial reaction of the glass surface 
with the help of the C-CVD process by integrating this technology into a float 
glass line. In so doing, SiO, films should be deposited under atmospheric 
pressure conditions and their influence on the leaching behaviour of the glass 
was examined. Moreover, film thicknesses and transmission measurements 
were carried out. 

Standard float glass (soda-lime-silicate glass) was coated with SiO, films 
by flame pyrolysis and subsequently tested for their corrosion resistance. The 
area of the glass substrate was (250x150) mm’. Three different traversing 
speeds were selected based on normal practice draw rates: 84 mm/s, 147 
mm/s, 225 mm/s resulting in three different glass thickness. The number of 
burner passes (bp = 2; 4; 8; 16) as well as the substrate temperatures were also 
varied. The latter took place at intervals of 100 °C to 550 °C in 50 K 
increments. In this way different localities could be simulated in a virtual 
cooling channel. As constant coating parameters, the volume flow rates of 
propane (25 l/min) and air (500 l/min), the burner distance from the surface of 
the glass (30 mm), the precursor concentration (15% HMDSO) and its volume 
flow rate (3 ml/min) were all determined. The glass sheets were brought to the 
required temperature on a heating plate with a heat-up rate of 10 K/min. The 
substrates were covered during the heating. In this way, the destruction of the 
samples due to stress cracking was prevented. This applies in particular to 
glass temperatures upwards of 300 °C. 

The coating morphology was first documented by SEM and the roughness 
measured by AFM was recorded for all samples. The transmission of the 
glasses was then determined in order to check that the coating did not imply a 
worsening of the glass quality. Lastly, XPS examinations were performed to 
prove the existence of a SiO, film on the float glass. 
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The criterion for the leaching characteristics and destruction of the glass 
network of the float glass sheets is constituted by the leaching test which 
makes use of a standardised test [52] in modified form. In so doing, two glass 
sheets were clamped with the sides to be tested aligned opposite each other 
and separated by a plastic ring. The volume between the two sheets was then 
filled with bi-distilled water and tempered for several hours at 95 °C. The 
liquid was then removed and examined using an ICP/OES measurement for 
concentrations of the glass constituents Si, Na and Ca. Figure 3.11 shows the 
principle set up of the leaching test. 

Figure 3.12 shows the respective XPS depth profiles of an uncoated 
(Figure 3.12 a) float glass sheet and a sheet coated at 500 ?C, 84 mm/s with 
2bp (Figure 3.12 b). The reference glass sheet showed a constant 
concentration profile for all constituents. This profile was in accordance with 
the anticipated composition of float glass. The coated glass sheet exhibited 
only Si and O as detected elements at the start of the analysis. That is an 
indication of a deposited SiO, film. After approximately 80 seconds sputter 
time, Ca, Mg and Na were detected, whereby the concentration of Si and O 
decrease slightly, representing the original substrate surface. 


| [| „~ Coated glass sample 


Aluminum plate with 
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Inert polymer ring 
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Figure 3.11. Sketch of the leaching test. 


The appearance of the Na peak somewhat before the Mg and the Ca peaks 
points to a slight Na enrichment on the glass surface. That can be explained by 
the high temperature: the mobile Na diffuses at temperatures close to Tg to the 
substrate surface. The transmission of float glass represents an outstanding 
characteristic and should not be decreased by the coating process. The coating 
experiments were all carried out on float glass with a thickness of 4 mm and a 
transmission of approximately 90.6 — 90.8 % was measured. The transmission 
does not decrease within the parameters used (v = 84; 147; 225 mm/s, T = 100 
— 550 °C, bp = 2; 4; 8 and 16) or increases slightly. 
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Figure 3.12. XPS depth profile of a float glass as a reference (a) and of a SiO, barrier 
coating (500 ° C, 84 mm/s, 2 bp) (b). 


Figure 3.13 shows the measured film thicknesses for the parameters v = 
84 mm/s, T = 100 — 400 °C with bp = 2; 4; 8 and 16 respectively. It was 
measured using the profile contact scanning method. It was therefore not 
possible to ascertain the film thicknesses of the SiO, coatings deposited over 
450 ° C. The value for the column marked white in the diagram could also not 
be determined clearly. The film thicknesses rise as expected with the number 
of passes up to the regions of 100 nm at 100 °C and 150 °C. The temperature 
here, however, appears to have an influence on the film formation as with 16 
bp the film thickness at 200 °C to 400 °C hardly exceeds 60 nm. The reason 
may be an improved sintering between the film forming and agglomerating 
SiO, particles and the higher glass surface temperature. The film thicknesses 
produced at the velocities of 147 mm/s and 225 mm/s are only between 10 nm 
(for 2 bp) and 45 nm (16 bp). 
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Figure 3.13. Barrier layer thicknesses at v = 84 mm/s as a function of substrate 
temperature and burner passes. 
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Figure 3.14. Si concentrations as a function of substrate temperature and burner passes 
for the substrate velocities 225 mm/s (a), 147 mm/s (b) and 84 mm/s (c). 


Deposition of Thin Functional Coatings ... 


151 


Table 3.1. Measured roughness values Ra for a substrate velocity 


of 84 mm/s and different substrate temperatures 


V=84mm/s, | T= 100 °C v = 84 mnys, T = 550 °C 
bp Ra / nm bp Ra / nm 

2 19.9 2 18.8 

4 29.1 4 21.2 

8 25.4 8 27.2 

16 49.7 16 33.8 


The Figures 3.14 a — c provide a complete overview of all used coating 
parameters and their influence on the leaching behaviour of the float glasses. 
The concentrations of Na and Ca in the aqueous solutions were determined 
and found to be proportional to the Si concentrations. One can recognise that 
the variation in the influence magnitudes T, v and bp has a major effect in each 
case. At v = 84 mm/s, a halving of the Si concentration already results after 
two passes in comparison to the higher substrate speed. The increase in the 
number of passes also leads to an improvement in the leaching characteristics 
of the glasses as expected. At v = 225 mm/s a minimum of 8 bp are necessary 
to obtain a dense surface even at 450 °C. If one assumes that the films become 
thinner with a fewer number of passes, it is surprising to ascertain that for 
instance at v = 147 mm/s and T = 500 °C a completely corrosion resistant and 
water resistant film is already formed after only 4 bp at a film thickness of 
probably 20 nm. The same passivating effect occurs at v = 84 mm/s and T = 
500 °C after just 2 bp. These results implicate at least 8 burners are necessary 
for their integration in a float glass line producing a standard float glass at the 
respective line speed. 

Concluding the roughness depending on the successive increase of bp is 
discussed. The AFM measurements of the samples with the varied parameters 
v = 84 mm/s, T = 100 °C and 550 °C and also bp = 2; 4; 8; 16 are shown. The 
agglomeration of the SiO, particles in the flame and on the glass surface 
results in an enhanced surface roughness attributed to the particle size 
depending on the bp (Table 3.1). 


3.6. Photocatalytic Films 


The deposition of photocatalytic films based on titanium dioxide (TiO2) is 
an example of the application of the r-CCVD process. A motivating factor for 
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the development of this specially modified CCVD process is that up to now no 
TiO; films could be produced with this method. The exploitation of hydrolytic 
reactions of suitable precursors in the direct vicinity of the flame plasma 
(remote zone) with its reactive species nevertheless opened up the possibility 
of depositing this type of film using a flame supported process [53, 54]. The 
precondition for this is a stable precursor showing no pyrolytical degradation 
in the hot zone of the flame in order not to loose its hydrolysis capability. 

The temperature stressing of the substrate, irrespective of the immediate 
surface, remains really low in the case of the r-CCVD coating, in contrast to 
films based on Sol-Gel processes or normal pressure CVD processes in which 
the entire substrate has to be brought to high temperatures. 

For the deposition of TiO, films, an arrangement in accordance with the 
principle shown in Figure 2.2 is used applying a hydrolysable organic titanium 
precursor. It is vaporised and injected into the carrier gas. 

The deposited films exhibit a very porous structure (Figure 3.15). The 
photocatalytic effect was determined based on the decomposition of organic 
substances (stearic acid). TiO» films were deposited on float glass coated with 
SiOx. The SiO, film acts here as a barrier against the diffusion of alkali ions 
from the glass. The rates of decomposition of the vapour-deposited 100 nm 
thick stearic acid films were determined based on IR transmission 
measurements in the range of the CH absorption bands at approximately 2916 
cm and 2850 em as a function of the duration of the UV-A radiation 
exposure. The rates achieved thereby were 25% to 70%, compared to the 
values of commercially available and similarly irradiated photocatalytic 
reference materials (Pilkington Activ'™). A correlation between the thickness 
of the TiO; film and the decomposition rate is found which increases with an 
increase in film thickness. This is caused by the larger effective surface of the 
thicker porous films. The higher decomposition values were reached with 
films of a thickness of 200 nm. 

By means of a subsequent 6 minute tempering at 650 ?C, the decom- 
position rate was increased to values of 100% up to 200% in relation to the 
reference materials. 

The samples also exhibit pronounced photo-induced hydrophilic 
properties. The contact angles of water drops decrease after irradiation to UV- 
A light to values of less than 10°. Depending on the surface roughness of the 
porous films, the values of contact angles are between 30? to over 60? after 
storage in the dark. The higher angles are observed in the case of the less 
rough surfaces. 
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Figure 3.15. SEM images of the top surface (a) and cross sectional view (b) of r- 
CCVD deposited TiO, layer. 


The photocatalytic effect and the photo-induced hydrophilic properties of 
the porous TiO; films produced by this process accompany a lower effective 
refractive index as opposed to compact TiO, films. Refractive indices of 1.6 to 
2.0 are obtained instead of 2.3 to 2.5, so that significantly reduced reflection is 
achieved. The consequently higher transmission values make these types of 
films interesting for applications in the solar energy field for instance. 


3.7. Electrically Conductive Films 


As an example of the deposition of electrically conductive coatings, film 
systems will be presented which are based on flame pyrolytically deposited 
zinc oxide, tungsten oxide and also elementary silver and are the subject of 
current further development of the CCVD process. 


3.7.1. Zinc Oxide 

The deposition of zinc oxide (ZnO) as a transparent conductive electrode 
material (TCO) is very interesting for technical applications as solar cells [55] 
or other opto-electronic components. Thus doped ZnO is a good candidate for 
replacing the indium-tin oxide (ITO) normally used for TCOs in solar cells or 
displays. ZnO is a II-VI n-type semiconductor with a band gap of 3.37 eV 
[56]. Both doped and undoped ZnO coatings with specific resistances in the 
range of 10^ to 10’ Qcm are known in literature and have been produced 
using various processes such as sputtering [57, 58], aerosol assisted CVD 
(AACVD) [59, 60], atmospheric pressure CVD [61], plasma enhanced CVD 
[62], pulsed laser deposition [63, 64], spray pyrolysis [65] or Sol-Gel [66, 67]. 
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Figure 3.16. Photograph of the CCVD system in operation with the main components 
labelled. The reaction zone equals the burner-to-substrate distance bsd. 


The coatings presented below have been produced by means of the flame 
pyrolysis mentioned at the outset and offer thereby a cost-effective alternative 
to energy intensive vacuum processes. 

A 10 cm wide slot burner (Figure 3.16) specifically developed for film 
deposition was used. Silicon wafer pieces and 4 mm float glass (air side) were 
used as substrates. Zinc nitrate, dissolved in a mixture of water and 
isopropanol, was used and injected into the gas stream as an aerosol precursor. 

Typical film thicknesses are in the range of 20 — 200 nm. The deposition 
rates of 0.3 — 2 nm/bp can be tightly controlled by means of the substrate 
temperature and the  burner-to-substrate distance. A comprehensive 
characterisation of these films is given in [14, 68]. The most important results 
are presented here. 

The growth of the ZnO film in the CCVD process is strongly influenced 
by the substrate temperature. The films deposited at 100 °C exhibited the 
lowest specific resistance in the range of 2.0 - 10 'Qem. In addition, the 
specific resistance changed with the film thickness pointing to changes in 
morphology. The deposition rate is reduced significantly with the increase of 
substrate temperature. ZnO films produced by a static AACVD system exhibit 
similar resistances [59]. Films produced in an atmospheric pressure laminar 
flow reactor [61] deliver values of 4 — 8 - 10 * Ocm. Specific resistances of 
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Sol-Gel films are in the range of 2 - 10° to 2 - 10? Ocm [66] up to values of 
10’ to 10° Ocm [60]. 

Using SEM evidence of columnar phase growth can be found (Figure 3.17 
a). The surface is not smooth and exhibits the typical structure of the CCVD 
process with agglomerated particles (Figure 3.17 b). Even the films deposited 
at room temperature are very dense and exhibit no porosity or any holes at all. 


Figure 3.17. Typical morphology of atmospheric pressure ZnO thin films coated by 
CCVD as observed by SEM. A top surface view (a) and a cross sectional view (b) is 
shown. 
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Figure 3.18. XRD pattern of a sample coated with a burner-to-substrate distance of 4 
mm at 20 °C. 
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Examinations of the structure by X-ray diffraction clearly show the 
presence of crystalline components in the film. In Figure 3.18 the 
corresponding plains are identified and clearly show the hexagonal structure of 
the films (space group P63mc). The lattice parameters were determined to be a 
= (3.254 + 0.004) A and c = (5.217 + 0.008) A. These values agree well with 
literature data [69]. 

The optical properties of the deposited ZnO films are similar to sputtered 
films [70]. The transmission is temperature-dependant and values of 82% to 
84% (at 550 nm) were measured. Thus ZnO is a direct semiconductor, the 
optical absorption coefficient a can be calculated as 


a(E) ~ (Ep, — Ej)" (3.1) 


where Ep, = hv can occur is photon energy and E, is band gap. The band gap 
energy can be determined by plotting o? against Ep, and extending the linear 
component of the measurement series to the energy axis. The absorption 
coefficient is thus based on the Beer-Lambert law. 


a — In(100 / T) / d; (3.2) 
with T - transmission gained from the transmission spectra. 


In Figure 3.19, corresponding transmission spectra and the plot for 
determining the associated band gap energies are shown. 
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Figure 3.19. Transmission spectra of ZnO samples in the range of 190 to 1100 nm (a). 
The reference is uncoated float glass. Additionally the calculated data for the band gap 
determination of the samples is shown (b). The values are obtained from the 
transmission spectra shown in a). 
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The highest values of (3.72 + 0.05) eV are achieved for films which are 
produced at room temperature and large burner-to-substrate distances. Heating 
the substrates to 100 °C reduces the energy gaps to values of 3.3 eV. Further 
heating to 200 °C and 300 °C results in a reduction of the band gap to values 
of 3.2 eV. Under the same process conditions the band gap increases with 
increasing film thickness. It is assumed [68] that the crystallite size is an 
important factor which decisively influences the optical and electrical 
properties by reducing the grain boundaries and the accompanying scattering 
of electrons. A shorter burner-to-substrate distance leads to smaller band gaps. 
With greater burner-to-substrate distances, the particles in the flame have more 
time to agglomerate and potentially more grain boundaries will be generated. 

Infrared transmission spectra of 300 — 700 cm | also show this trend. An 
absorption band of 408 — 413 cm ! can clearly be seen in Figure 3.20. For 
comparison, all spectra have been normalised to the respective film thickness 
and base line corrected. The profiles were fitted using Voigt profiles (inset 
Figure 3.20). The derivation leads to the exact peak positions. Both identified 
modes belong to E;-TO from ZnO at 410 cm | [69, 71] and A;- TO at 380 cm 
! [69, 71], respectively. 
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Figure 3.20. IR spectra in the range of 300 — 700 cm ' of ZnO films grown at 20 °C, 


100 °C and 200 °C. The inset shows an example fit of two Voigt profile shaped curves 
for the spectrum of the 200 °C sample. 
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The increase in the substrate temperature to 100 ?C exhibits a significant 
rise in the intensities and a decrease of the full width at half maximum 
(FWHM), which indicates the crystallinity of the film. Furthermore, both 
modes shift with increasing substrate temperature to lower wave numbers. 

In addition, precursor residues could be verified in a higher wave number 
range of 500 — 4000 cm’. For coatings which were deposited at room 
temperature, besides OH (stretching vibration, 3000 — 3500 cm’) [72, 73], 
nitrate bands vzNO3 (1389 em ! [73], v,NO» (1250 — 1300 cm’) and v4,NO; 
(1480 — 1530 cm 1 [72]) could also be found. An increase in the substrate 
temperature with film growth to 100 °C or 200 °C caused these bands to 
disappear. 


3.7.2. Tungsten Oxide 

As an example for deposition of electrochromic films, a system is 
presented which is based on the flame pyrolytic deposited tungsten oxide 
WO,, which is the subject of current development of the CCVD process. 

The electrochromic effect describes the property of a system reducing 
light transmission by applying an electric current. Some transition metal 
oxides exhibit electrochromic properties [74]. The crystal structures of the 
transition metal oxides consist of more or less distorted oxygen octahedrons 
with a metal atom in its centre. If these octahedrons are not densely packed, 
there is free space where the ions can easily move. The incorporation of 
hydrogen or alkali metal ions is thereby possible. There are two different types 
of electrochromic transition metal oxides. The cathodic electrochromes are 
optically transparent and can be coloured by means of incorporating ions. The 
anodic electrochromes absorb light and become transparent by incorporation. 
To establish such a system, tungsten oxide was utilised, because of its 
electrochromic properties [75]. It has a perovskite-similar crystal structure 
with a missing atom in the centre. It occurs, depending on temperature, as 
monoclinic, orthorhombic or tetragonal [76]. It is optically transparent and can 
be coloured dark blue by incorporation of ions. Responsible for this is the 
reduction of W®* ions from the WO, film to W?* ions in conjunction with the 
emplacement of Li* ions which leads to blue coloured lithium-tungsten bronze 
L1 WO3 bonds [77]: 


WO; + x Li* + x e€ — Li WO. (3.3) 
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Figure 3.21. Schematic construction and function of a electrochromic glass unit. 


This process operates by applying an electrical current and is reversible. 
By switching this current off the WO; film becomes transparent again (maybe 
the change of current direction is necessary). 

An electrolyte which provides the lithium ions, as well as a TCO for 
contacting is necessary to build an electrochromic cell. Figure 3.21 shows the 
schematic setup of such a cell. TCOs, in particular ITO, are used for the 
transparent electrodes. Solid lithium iodide is used for the electrolyte. 

Until now tungsten oxide films have been applied to the glass surface by 
means of PVD processes (sputtering, etc.) which require complex vacuum 
equipment. Deposition by means of cost-effective atmospheric pressure 
processes offering interesting perspectives for economical and large-area 
production of this type of system. In modern architectural glazing they are 
indeed gaining more importance in terms of the energy balance of buildings 
but have never gone beyond the stage of pilot production due to high costs and 
hitherto technical problems [78]. 

The process currently under development at INNOVENT uses water or 
alcoholic-soluble tungsten compounds as precursor for the film deposition 
[79]. As dissolved substances can not be vaporised, the precursor fluid is 
introduced into the burner stream in the form of aerosol droplets via a 
peristaltic pump system. 

Decisive for the manufacture of a functional electrochromic cell is that the 
ITO films on the flamed glass substrates are not destroyed by the effect of the 
flames and the electrical and optical parameters remain fully intact. 
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Furthermore, the deposited film must contain a high component of WO, so 
that a visible effect can occur. 

Fully functional cells have been obtained with WO, films which range 
from 50 nm to a few 100 nm thickness and deposited on ITO coated glass. 
Lithium iodide dissolved in gelatine was used for the electrolyte. 

A laboratory prototype of these cells is shown in Figure 3.22. The 
switched and again decoloured states can clearly be seen, whereby the 
decolouring effect is well visible. Besides the manufacture of electrochromic 
switching systems, the use of these types of deposited active WO, films in 
photoelectrochromic or gaschromic cells is also conceivable. 

In contrast to the deposition of SiO, films, the deposition rates for 
tungsten oxide are significantly lower. Increasing the deposition rates and 
increasing the coating width with a simultaneous improvement in the film 
homogeneity are the subjects of the current research work. 
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Figure 3.22. Laboratory prototypes of electrochromic units with WO, layers deposited 
by CCVD in coloured state (a) and in bleached state (b). 
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3.7.3. Silver Films 

Aside from oxidic films, it is also possible to deposit pure metallic films. 
This circumstance can be envisaged based on silver films. Besides the 
deposition of Ag nanoparticles embedded in an SiO, matrix film already 
mentioned in section 3.4, compact metallic silver films can also be deposited 
using the CCVD process. 

In contrast to metal oxides, the depositing of thin metal films under the 
conditions of CCVD is limited to precious metals. Thus it is possible, for 
example, to deposit elementary silver films if the substrate temperature is 
maintained above that at which the stable silver oxide occurs [80]. As the 
precursors for the CVD films, organometallic and metal-organic silver(I) 
compounds [81, 82] were used. Alongside this, structured silver films can also 
be printed [83] (direct ink-jet printing) and specific resistances of 1.6 - 10^ 
* Om close to the solid material are reached. The thin silver films can be used 
in such varied applications as mirrors [84, 85], high temperature super- 
conductors [86, 87], low-E coatings [88], heat-protective glass [89] and 
heatable glazing [90]. 

As a precursor for the deposition by means of CCVD, silver(I)-2-[2-(2- 
methoxyethoxy)ethoxy]acetat [AgO2C(CH2OCH)2)3H] was used and a solution 
with ethanol and water in the ratio of 5:1 was used. Apart from that, 
corresponding trials have been carried out with silver salts. The solution was 
introduced in the form of aerosol droplets and deposited on float glass. For 
high quality silver films, a multiple film system (Figure 3.23) consisting of 
SiO, for adhesion improvement and tungsten oxide WO, as a nucleation film 
for silver [91] is applied. If this is not done and the silver is deposited directly 
on Si or Si compounds, the formation of silver nanoparticles can be observed, 
leading to a brownish and electrically non-conducting film. 

By means of this setup, an adhesion-fast and highly reflective film is 
obtained. Deposited film thicknesses vary in the range of 20 nm to 150 nm. A 
maximum silver content of 95% in the uppermost layer was determined by X- 
ray photoelectron spectroscopy, confirming the presence of a compact silver 
film. 

To determine the transmission UV-vis spectra were recorded as a 
comparison to uncoated glass (Figure 3.24 a). A transmission of approximately 
10% is observed for the coated glass (70 nm silver) and the roughness is R, = 
3 nm. The reflectivity in the infrared range (Figure 3.24 b) is very constant at 
> 70% over a broad range of 2500 — 25000 nm. 
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Figure 3.23. Cross section SEM image of a silver-coated float glass (the WO, layer 
between SiO, and silver is not visible in this micrograph due to its low thickness). 
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Figure 3.24. UV-vis spectra (a) of silver-coated float glass and uncoated float glass 
(directed transmission). IR reflection (against gold as standard) spectra (b) of silver- 
coated and uncoated float glass. 


A striking characteristic of these CCVD-produced silver films is the 
conductivity achieved with a specific resistance of 5 - 10? Qm, which is very 
close to the conductivity of solid material. 


CONCLUSION AND OUTLOOK 


The application examples presented show the versatility as well as the 
development potential of the CCVD and r-CCVD processes. In addition to the 
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film systems presented, a range of other oxides have been deposited and 
examined. Thus in addition to WO, , MoO, can also be used as an 
electrochromic film. As protective coatings, ZrO. or even ZrO, particles 
embedded in a matrix are also a possibility. Furthermore, for corrosion 
protection, Al,O3 and phosphate films are suitable. The oxides of rare earths 
can be deposited as superhydrophobic films. 

The range of depositable substances can be extended. Suitable precursor 
compounds are sought and even newly synthesised through further intensive 
research. The combination of the CCVD and r-CCVD processes in particular 
with other atmospheric pressure processes promises a broad research field. 
Thus following and previous Sol-Gel processes are of high interest as the 
coupling with atmospheric pressure plasma processes. 

Potential new fields of applications are seen above all in solar energy 
generation, both for photovoltaic and solar thermal products. Thus, for 
example, the combination of film properties which increase transmission and 
reduce soiling into a single process concept offers an interesting alternative to 
established and cost-intensive technologies. 

One course of development which will be intensively pursued over the 
near future is the energy reduction of the CCVD and r-CCVD processes. To 
this end, besides the new gas-saving burner designs, comprehensive adaptation 
of the process parameters is also inevitable. At the same time, these energy 
reducing solutions also open new fields of applications with the coating of 
temperature-sensitive materials and/or the application potentials of new 
precursor substances. 
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ABSTRACT 


Coal is expected to continue to contribute to electricity production in 
the near future. However, it generates more CO; per unit of produced 
energy than other fossil fuels and its use is associated with the formation 
of contaminants such as NO,, SO,, Hg, etc. In recent years, oxy-fuel 
combustion has attracted great interest as a promising Carbon Capture 
and Storage (CCS) technology, since it can be easily adapted to both 
existing and newly built coal-fired power plants. During oxy-fuel 
combustion coal is burnt in a mixture of oxygen and recycled flue gas 
(RFG) (mainly CO; and water vapor), that is used to lower the flame 
temperature and yield a rich stream of CO». However, the successful 
implementation of oxy-fuel combustion technology depends on having a 
full understanding of the difficulties that arise as a result of replacing 
inert N, by reactive CO, in the oxidizer stream. 
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Biomass is a renewable fuel which can be used to reduce CO; 
emissions, as it is considered carbon-neutral. The combination of oxy- 
coal combustion with biomass co-firing could provide an effective 
method of CO, disposal which has only partially been studied. 
Furthermore, biomass co-firing is presented as an option for increasing 
capture efficiency, as the costs and efficiency penalties would be reduced. 
This chapter presents a technical review of the oxy-fuel combustion 
process, covering the most recent experimental studies at both laboratory 
and pilot scale. The impact of replacing N- by CO; upon heat transfer, 
devolatilization, ignition, combustion kinetics, pollutant formation 
(mainly NO, and SO,) and fly ash and slag formation is also evaluated. 
Furthermore, the effect of blending coal and biomass under oxy-fuel 
conditions on combustion properties is assessed. 


1. INTRODUCTION 


1.1. Carbon capture Technologies for Coal-fired Power Plants 


Coal has been, and will continue to be in the medium term, one of the 
major sources of energy due to its abundant reserves and competitively low 
prices. The share of coal in world energy consumption was 29.9% in 2012, 
compared to 33.196 for oil and 23.996 for natural gas [1]. A diverse power 
generation portfolio including Carbon Capture and Storage (CCS) and 
renewable energies is needed to reduce atmospheric CO; to below 1990 levels 
[2]. CCS technologies involve three stages: i) capture of the CO» produced in a 
large industrial plant, ii) transportation of the CO; to a suitable storage site and 
(iii) permanent storage away from the atmosphere. Two types of CO; disposal 
are generally employed: sequestration (permanent disposal) or storage 
(disposal for a significant period of time). Both terms are often inter- 
changeable since time periods of more than 10,000 years are considered as 
permanent. Possible storage sites include depleted oil and gas reservoirs, deep 
saline aquifers, etc. [3]. 

The three main technologies for CO, capture, which are briefly described 
below, are post-combustion, pre-combustion and oxy-fuel combustion. The 
CO» concentration in the gas flow, the gas pressure and the fuel type (solid or 
gas) are important factors when selecting the most appropriate capture system. 
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e Post-combustion. This technology involves the separation of diluted 
CO, (3-15% by volume on a dry basis) from other exhaust gases 
(typically nitrogen) after the combustion of fossil fuels. The 
separation is mainly performed via chemical absorption with amines 
(typically monoethanolamine, MEA). However, the net efficiency of 
the power plant is reduced by about 10-1446 points. Some projects are 
currently investigating the development of more efficient absorbents 
[4], and the development of solid sorbent materials for CO» capture by 
adsorption [5]. 

e Pre-combustion. This technology is adequate for application in 
Integrated Gasification Combined Cycle (IGCC) processes. It 
involves the primary conversion of the fuel with steam and air/oxygen 
to produce a mixture of CO and hydrogen ("synthesis gas" or 
"syngas"). Extra hydrogen and CO» are produced by reacting CO 
with steam via the water gas shift (WGS) reaction. Although the 
previous steps for fuel conversion are more elaborated and costly than 
in post-combustion systems, the high CO, concentration in the final 
gas stream (typically 15-60% by volume on a dry basis), together with 
the high pressure that often results from the process, are more 
favorable for CO» capture. 

e Oxy-fuel combustion. This technology involves the combustion of fuel 
under an oxygen atmosphere instead of air. By avoiding the 
introduction of nitrogen into the combustion chamber, a rich CO; flue 
gas stream is obtained (higher than 9596 by volume on a dry basis). 
The plant design for the oxy-fuel combustion process comprises the 
recirculation of flue gases to the burners in order to keep the flame 
temperature within acceptable limits for the boiler materials. The 
main disadvantage of this technology is that it needs oxygen of great 
purity, which may result in an efficiency drop of 7-11% points. 


Because of the significant changes required in a power plant by the 
implementation of the oxy-fuel combustion process, i.e., replacing N32 (inert) 
by CO; (reactive), an exhaustive research study is needed to assess the impact 
of the process. The amount of literature on oxy-fuel combustion technology 
has drastically increased in recent years and significant progress has been 
made towards the implementation of oxy-fuel combustion in power plants. 
The objective of the present review is to summarize the current status of oxy- 
fuel combustion technology. 
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1.2. Historical Development of Oxy-fuel Combustion 


Oxy-fuel combustion technology along with flue gas recirculation were 
proposed, almost simultaneously, by Abraham et al. [6] and Horn and 
Steinberg [7] in the 1980s. Whereas Abraham et al. [6] proposed the process 
as a possible method to produce CO, for Enhanced Oil Recovery (EOR), Horn 
and Steinberg [7] were concerned about the need to reduce the environmental 
impact caused by the use of fossil fuels in energy generation. Interest in oxy- 
fuel technology was revived in the mid-90s by the widespread concern about 
global warming caused by the increasing levels of CO; in the atmosphere. 
Figure 1 shows the historical progression of oxy-fuel combustion projects, 
including pilot-scale, industrial-scale and demonstration plants. 
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Figure 1. Historical development of oxy-fuel projects (reprinted from [8], with 
permission from Elsevier). 


Oxy-fuel combustion can be applied to any type of fuel for thermal power 
generation. Until now research has been mainly focused on coal (oxy-coal 
combustion) and natural gas (oxy-natural gas combustion), although this 
technology can also be applied to biomass or coal/biomass blends. There are 
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several oxy-fuel pilot plants currently in operation and some industrial-scale 
power plants are expected to start operating in the near future. Some of these 
plants are listed below: 


e Vattenfall (2008): This is the world's first full chain oxy-fuel pilot 
demonstration plant. It is located in Spremberg (Germany) and it has a 
30 MWt pf boiler which is fed with lignite. 

e Total Lacq project (2009): This is the world's first integrated 
industrial natural gas-fired oxy-fuel plant and it includes the world's 
first pipeline for injecting oxy-fuel flue gas. It is located in Lacq 
(France). 

e CIUDEN (2011): This is located in Ponferrada (Spain) and it has a 20 
MWt pf boiler and a 30 MWt fluidized-bed boiler, which are able to 
operate in both air and oxy-fuel conditions. Different fuels are 
employed: anthracitic, bituminous and sub-bituminous coals, coke and 
biomass. 

e  Callide Oxy-fuel Project (2011): This is the world's first full chain 
retrofit demonstration plant. It is located in Biloela (Australia) and it 
is coal-fired to generate electricity. 

e Commercial demonstration (2015-2016): This is included in the 
project Future Gen 2.0 (200 MWe) in the United States. This plant is 
an oil-fired process which will be converted to a coal-fired utility. 


These projects and milestones show the trend for the development of oxy- 
fuel combustion technology in the future. However, the cost of failure of an 
operating project greatly increases as a function of its technological scale. For 
this reason, the European Union first made a risk assessment of the CCS 
technologies in 2008 [9], as part of the European Technology Platform for 
Zero Emission Fossil Fuel Power Plants (ZEP). In 2010, it outlined the 
research and development needs of each one of the CCS technologies applied 
to the supply of electricity, cement and iron [10]. Furthermore, the objective 
presented by the G8 group to build 20 commercial scale (>1 Mtpa CO2) CCS 
plants which will begin operation in 2020 requires that a number of oxy-fuel 
plants be built, although the exact number is still uncertain [8]. The success of 
large scale oxy-fuel projects such as Callide and Future Gen 2.0 over the next 
5-10 years will therefore be decisive for the development of this technology. 
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2. OXY-FUEL COMBUSTION FUNDAMENTAL RESEARCH 
2.1. Heat Transfer 


2.1.1. Radiative Heat Transfer 

The major contributor to the transfer of heat from a flame produced by 
conventional fuels is thermal radiation from water vapor, CO», CO, char, 
particles and soot. In oxy-fuel combustion with RFG, the CO; and water vapor 
concentrations in the combustion atmosphere are significantly increased. 
Therefore, under oxy-fuel conditions radiative heat transfer in the boiler can be 
expected to be higher than in conventional air-firing. 

Radiative heat transfer in lignite- and propane-fired oxy-fuel flames was 
studied by Andersson et al. [11-13] in the Chalmers University 100 kW oxy- 
fuel test facility. In the lignite experiments the flue gas recycle rate was varied 
in order to ensure the same stoichiometry in all cases, while the oxygen 
concentration in the oxidizer stream ranged from 25% to 29% (v/v). The 
temperature and in turn the total radiation intensity of the oxy-fuel flames 
increased as the flue gas recycle rate decreased, i.e., as the oxygen 
concentration increased. However, when similar flame temperatures were kept 
during the air and oxy-fuel combustion with 25% oxygen conditions and dry 
recycling, the total radiation intensity of both flames remained the same. In 
fact, the ratio of gas and total radiation intensities was higher under oxy-fuel 
conditions compared to air-firing, while the particle radiation remained 
unchanged from air to oxy-fuel combustion. However, when radiation overlap 
between gas and particles was considered, the ratios of gas/particle-to-total 
radiation intensities for air-firing and oxy-fuel conditions became similar, 
since the gas-particle radiation overlap was found to be higher in the CO;-rich 
atmosphere. The impact of gas radiation was therefore reduced due to gas- 
particle radiation overlap. Furthermore, particle radiation, which did not 
change from air to oxy-fuel conditions, constituted a significant fraction (about 
60-70%) of the total radiation emitted by the lignite flames. It can be 
concluded that no increase in gas radiation due to a higher CO; concentration 
was therefore evident because of the background particle radiation and the fact 
that the total radiation intensities were similar in air-fuel and oxy-fuel 
operation under similar temperature distributions. A change in flame 
temperature caused by changes in the recycling rate, on the other hand, could 
significantly influence the radiation intensity. When wet recycling was used in 
oxy-fuel combustion of lignite, the gas radiation became stronger and 
approached the contribution by the particles. However, the influence of HO 
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on particle radiation characteristics was not studied and requires further 
experimental studies. 

For propane flames, the oxygen concentration in the oxidizer stream 
ranged from 21% to 45% (v/v). This study revealed that the soot formation in 
the oxy-fuel flames varied strongly depending on the recycling conditions and 
this significantly affected the radiation intensity emitted by the flame (Figure 
2). It was concluded that the contribution of increased gas radiation intensity 
by CO» was of minor importance. For oxy-fuel conditions with 27% oxygen 
and dry recycling, the temperature was slightly lower compared to air-fired 
conditions, but the radiation intensity was significantly higher. It was mainly 
caused by a significantly increased soot radiation. Images of the flame under 
oxy-fuel conditions with 4596 oxygen clearly indicated a further increase in 
radiation intensity (Figure 2). Thus, due to its critical role in flame radiation, 
further research is needed on soot formation in oxy-fuel combustion. 


Figure 2. Photographs of the Chalmers flame with propane as a fuel: (a) air flame, (b) 
oxy-fuel flame with 21% oxygen in the oxidizer, (c) oxy-fuel flame with 27% oxygen 
in the oxidizer, and (d) oxy-fuel flame with 45% oxygen in the oxidizer; 215 mm from 
the burner inlet (reprinted from [13], with permission from Elsevier). Images (a)-(c) 
had previously been published in [12] (reprinted with permission from [12], Copyright 
€ 2008 American Chemical Society). 


2.1.2. Convective Heat Transfer 


The convective flux of the flue gas, a. can be evaluated as follows: 


qon =hAT (1) 


where h is the convective heat transfer coefficient (which is influenced by the 
flow velocity and by gas properties such as viscosity, thermal conductivity, 
heat capacity and density), and AT is the temperature difference between the 
bulk gas and the heated object. The ratio of convective heat transfer coefficient 
of oxy-fuel combustion (hoxy) to that of air-firing conditions (hair) can be 
expressed as follows: 
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where Re and Pr are the Reynolds number and the Prandtl number, 
respectively, m and n are empirical factors which vary for different 
geometries; and k is the fluid thermal conductivity. Table 1 summarizes the 
physical properties of the principal gases used in the air and oxy-fuel 
conditions. CO; has a slightly higher thermal conductivity than N», although it 
does not significantly change the conductive heat transfer. On the other hand, 
the lower kinematic viscosity of CO; may result in a higher Reynolds number, 
and thus a higher convective heat transfer coefficient. 


Table 1. Property table for gases at 1400 K and atmospheric pressure 


HO. Oz Np CO; 
Density (p) (kg/m?) 0.157 0.278 0.244 0.383 
Thermal conductivity (k) (W/mK) 0.136 0.087 0.082 0.097 
Specific heat capacity (cj) (kJ/kmol K) — 45.67 36.08 34.18 57.83 
Dynamic viscosity (u) (kg/m s) 5.0210? 5.8110? — 4.8810? . 5.0210? 
Kinematic viscosity (v) (m/s) 32010^ 2.0910^  2.0010^  13110* 


2.1.3. Matching Temperature of Combustion 

Furnace heat transfer in an industrial boiler depends on the flame 
temperature, the properties of the gas and particulates, water cooling, wall 
temperature and the aerodynamic fluid field. The differences in the radiative 
and thermo-physical properties of Nz and CO; lead to differences in the 
radiative and convective heat transfer. When retrofitting existing coal-fired 
power plants for oxy-fuel combustion, the main task is to maintain the same 
heat transfer characteristics in the furnace as in the air-fired combustion. 
Matching the heat transfer values in the furnace can contribute to establishing 
similar combustion stabilities, carbon burnouts, slagging and fouling 
tendencies. For new oxy-fuel combustion power plants, it is important to 
evaluate the effect of operating parameters such as oxidizer composition and 
oxygen excess levels on flame temperature and heat transfer in the boiler. 

Wall et al. [14] calculated the theoretical oxygen mole fraction required at 
the burner inlet to achieve similar adiabatic flame temperatures (AFT) under 
air- and oxy-firing conditions. The AFT for air combustion was estimated for 
20% excess air and oxygen levels in the flue gas of 3.3% (v/v). The 
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computational results showed that to achieve a similar AFT to that of air 
combustion, the oxygen fraction at the burner inlet for oxy-fuel combustion 
using wet and dry flue gas recirculation would have to be 28% and 35%, 
respectively. The excess oxygen required to maintain oxygen levels in the flue 
gas similar to those of air combustion was in the range of 3-546 for both oxy- 
dry and oxy-wet combustion. Hjártsman et al. [15] obtained temperature 
profiles during the combustion of lignite in air- and oxy-firing conditions in 
the Chalmers University 100 kW oxy-fuel test facility. Their measurements 
showed that under oxy-fuel conditions the oxygen concentration in the 
oxidizer must be around 25-2746 in order to get similar temperatures to those 
under air. 

The effect of oxy-fuel conditions on radiative and convective heat transfer 
was studied by Smart et al. [16,17], who obtained radiative and convective 
heat transfer measurements in the RWEn 0.5 MWth combustion test facility 
located in Didcot UK fired by a semianthracite and two bituminous coals. 
Recycle ratios varied between 65% and 75% while furnace exit O, values were 
maintained at 396. Their results showed that peak radiative heat flux values 
were inversely related to the recycle ratio. Conversely, the convective heat 
flux values tended to increase with an increasing recycle ratio. Radiative heat 
flux values in oxy-fuel conditions similar to those in air were obtained for the 
coals studied in the recycle ratio range of 72-73%. The equivalent air 
convective heat flux values were achieved at a higher recycle ratio of around 
7596. 


2.2. Coal Devolatilization and Char Formation 


Far from being just another step in the overall reaction, coal particle 
devolatilization has a strong impact on the overall combustion process since it 
determines the subsequent steps (e.g., char reactivity and NO formation). 
Devolatilization is an endothermic process and its kinetics is strongly affected 
by the operation conditions (i.e., gas temperature and heating rate) and fuel 
type. Devolatilization kinetics and yield are usually studied under inert gases 
such as N» (typical of air-fuel systems). For this reason, devolatilization 
characteristics in CO» environments (typical of oxy-fuel systems) are of great 
interest for design purposes. 
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Figure 3. Mass loss rate for two different rank coals (HVN: semianthracite; SAB: high- 
volatile bituminous coal) during devolatilization tests under N, and CO; (TG analyzer, 
heating rate of 15 K/min) (reprinted from [20], with permission from Elsevier). 


Rathnam et al. [18] carried out devolatilization experiments on a 
bituminous coal in Nz and CO; environments in a TGA analyzer. They found 
that the weight loss histories were similar for both environments below 
1050 K. However, in the CO, environment the weight loss was higher at 
temperatures above 1050 K, which they attributed to char-CO» gasification. 
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These authors also carried out devolatilization experiments on four bituminous 
coals in a drop tube furnace (DTF) in No and CO; environments at a nominal 
wall temperature of 1673 K. SEM images showed partly reacted surfaces in 
the CO» char and significant swelling compared to the N, char particles. The 
volatile yields in the CO» environment were ~5-25% higher than those in the 
N, environment. Naredi et al. [19] reached the same conclusion in their 
pyrolysis experiments on high and low-volatile bituminous coals using a DTF 
under N? and CO, environments at temperatures ranging from 1173 K to 
1673 K. Likewise, Álvarez et al. [20] obtained similar results when carrying 
out a comparison of coal devolatilization in Nz and CO» atmospheres 
conducted in a thermogravimetric apparatus (heating rate of 15 K/min), as 
illustrated in Figure 3. Before devolatilization was concluded at around 
1150 K, the mass loss curves in the Nz and CO; atmospheres were showing a 
similar trend. The additional mass loss in the CO, atmosphere above 1200 K 
was mainly due to the reaction between char and CO). 


Figure 4. SEM images of the high-volatile bituminous coal (BA) char particles 
obtained under N, (a-d) and CO, (e-h) in an entrained flow reactor (EFR) at 1273 K 
(reprinted from [21], with permission from Elsevier). 


Gil et al. [21,22] performed devolatilization experiments on anthracitic 
and bituminous coals in an entrained flow reactor at 1273 K in N; and CO, 
environments. They observed higher volatile yields in the CO» environments. 
An example is presented in Figure 4, where SEM images of the chars reveal a 
greater degree of swelling in the chars obtained in CO». The reactivities of the 
chars obtained in Nz and CO; in a typical oxy-fuel atmosphere were compared 
using kinetic parameters but, as can be seen in Table 2, no significant 
differences were found between both atmospheres. Brix et al. [23] also carried 
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out coal pyrolysis experiments in an entrained flow reactor in Nz and CO; 
environments, but found no differences in char morphology and volatile yield 
between both environments. However, these authors have pointed out the need 
to be careful when attributing an increased volatile yield in CO» to the 
gasification of the fuel because of the short residence times needed for 
devolatilization at high temperatures. Factors such as mixing cold and hot gas 
streams, the particle heating rate and total particle residence times need to be 
included when comparing the data. 


Table 2. Kinetic parameters that provide the best fit of the experimental 
data from oxy-fuel combustion (30% O2-70%COz2) to the VM, GM and 
RPM models (reprinted from [21], with permission from Elsevier) 


Volumetric model 


Char (VM) Grain model (GM) Random pore model (RPM) 
m /mol) ko (s) E (kJ/mol) ko (s?) E(kJ/mol) bist y 
HVN-N2 128 1.64E+05 128 1.21E+05 127 5.09E+04 15.9 
HVN-CO2 118 3.55E+04 118 2.51E+04 117 8.10E+03 29.4 
UM-N2 125 1.90E+05 123 1.12E+05 123 5.89E404 6.7 
UM-CO2 121 9.10E+04 120 5.76E+04 119 2.14E404 16.4 
SAB-N2 121 1.36E+05 120 8.15E+04 120 9.48E404 0.7 
SAB-CO2 125 2.50E+05 125 1.88E+05 125 2.31E405 0.2 
BA-N2 127 4.09E+05 126 2.66E+05 126 2.82E+05 0.9 
BA-CO2 122 1.57E+05 121 1.10E+05 121 1.11E+05 1.0 


HVN: semianthracite; UM: medium-volatile bituminous coal; SAB: high-volatile 
bituminous coal; BA: high-volatile bituminous coal. 


2.3. Ignition in Oxy-firing Conditions 


The ignition of solid fuel particles is an important preliminary step in the 
overall combustion process due to its influence on the stability, shape and 
length of the flame. In practice, the ignition behavior of solid fuels is crucial to 
identify the optimal location for injecting them into pulverized fuel burners, 
and flame stability is the main point of issue in furnace operation. In air-fuel 
combustion, flames are commonly Type-2 swirling flames that involve both 
internal as well as external recirculation. As observed by Khare et al. [24] for a 
retrofit of oxy-fuel application, when the burner flows (and hence flow 
velocities) are reduced, there is the possibility that flames of Type-2 become 
Type-0 flames (a forward-flowing low swirling flame without internal 
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recirculation). Changes to the burner dimensions and/or swirl levels will be 
needed to re-establish the operation of the furnace with the Type-2 flame for 
which many industrial operations are designed. 

In the oxy-fuel combustion of pulverized coal, poor ignition quality has 
been noted during pilot-scale burning trials when operating with substantial 
flue gas recirculation [25]. After the first operation in oxy-fuel mode, it was 
clear that adjustments to the swirl and the oxygen concentration at the burner 
were required to ensure a safe ignition and a stable flame. For this reason 
efforts have been recently made to comprehend the fundamentals of ignition. 
Taniguchi et al. [26] developed a model to predict the lean flammability limit 
and flame propagation velocity for air and oxy-fuel combustion systems. The 
model could be used to analyze the effect of coal properties, particle diameter, 
and composition of the surrounding combustion gas. The model was extended 
by Taniguchi et al. [27] with the development of an engineering design for 
existing and pilot-scale burner systems using oxy-fuel combustion. A DS?T- 
burner was developed by Hitachi Power Europe and installed at the Schwarze 
Pumpe pilot plant. Smart el. [28] evaluated the impact of oxy-fuel combustion 
on the flame characteristics through digital imaging in a 0.5 MWth coal 
combustion test facility. They found that the presence of high levels of CO; at 
high recycle ratios resulted in delayed combustion and therefore had a 
detrimental effect on flame stability, 1.e., lower flame oscillation frequencies. 

Khatami et al. [29] measured the ignition delay times of two lignites, a 
sub-bituminous coal and a bituminous coal, in O?/N; and O2/CO, atmospheres 
with oxygen mole fractions in the range of 20-100%. The experiments were 
performed in an electrically heated drop tube furnace with a furnace wall 
temperature of 1400 K. As can be seen in Figure 5, a longer coal particle 
ignition delay was observed for all the coals in the OC: environment than 
in ON: with an identical oxygen concentration. An increase in the oxygen 
mole fraction under either ON: or O,/CO, reduced the delay in ignition. 
Similar results were obtained by Zhang et al. [30] when they burned a 
bituminous coal in air and O;/CO; (21-27% Oz) atmospheres in a drop tube 
furnace at 1073 K and 1273 K. They observed that ignition was delayed in the 
presence of CO;, and that the volatiles preferentially remained unburned in the 
vicinity of the particle surface and formed a thick protective sheath. Partial 
oxidation and gasification of the chars to CO was also favored under oxy-fuel 
conditions. 
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Figure 5. Burnout time for particles (75-90 um) from Pittsburgh # 8 bituminous coal 
(PSOC-1451), Wyodak sub-bituminous coal (DECS-26), Beulah lignite coal (DECS- 
11) and Wilcox lignite coal (PSOC-1443) burning in ON: and O,/CO) at 1400 K 
(reprinted from [29], with permission from Elsevier). 


Riaza et al. [31,32] carried out ignition experiments in an entrained flow 
reactor in air and oxy-fuel conditions for anthracitic and bituminous coals. 
Their results showed a worsening of the ignition properties when N: was 
replaced by CO; with the same oxygen concentration, especially in the case of 
the anthracitic coals. As can be seen in Figure 6, the anthracite coal ignited in 
a heterogeneous mode in both air and oxy-firing conditions, the semianthracite 
coal partially ignited heterogeneously, whereas the bituminous coal ignited in 
a homogeneous mode. Similar ignition properties to those attained in air were 


oo 
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obtained in an oxy-fuel environment when the oxygen concentration was 
~30%. In addition, these authors found that the addition of water vapor as a 
substitute for N2 or CO» caused a worsening of the ignition properties, 
especially in the atmospheres with a lower oxygen content. Binner at al. [33] 
also observed that the presence of water vapor in the oxy-fuel atmosphere 
caused a delay in ignition, an extended combustion time and a lower flame 
stability. 


Anthracite (AC) Semi-anthracite (HVN) Bituminous (SAB) 
i Heterogeneous Homogeneous Y 
100 um 
Air NA 
Oxi 21% | WW. 
Oxi 30% E T" 


Figure 6. High-speed, high-magnification cinematographic images of single particles 
(75-150 um) of AC, HVN and SAB coals in air and in two oxy-fuel conditions 
(219605-7996 CO, and 30960,-7096CO.). In each case, a particle is shown prior to and 
after ignition (reprinted from [32], with permission from John Wiley and Sons). 


2.4. Combustion in Oxy-firing Conditions 


In pf coal boilers, combustion usually takes place at high temperatures in 
the diffusion control regime (Zone III). In the case of oxy-fuel combustion in 
which temperatures are lower, combustion occurs in the diffusion/chemical 
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control regime (Zone II). The lower diffusivity of oxygen in CO; than in N2 
affects the flux of oxygen towards the coal particle, reducing the burning and 
heat generation rates of the coal particles [34]. 


2.4.1. Combustion of Volatiles 

Although volatile combustion kinetics is relatively quick and is not a 
limiting step in the overall coal combustion process, some researchers have 
observed differences in oxy-fuel conditions and an air-fuel environment 
[30,35]. For example, they have observed that the consumption kinetics are 
reduced by the lower diffusivity of the small hydrocarbons in CO; than in N2. 

Glarborg and Bentzen [36] in their study of the chemical effects of high 
CO, concentrations on the oxidation of methane found that high CO; 
concentrations competed with oxygen for atomic hydrogen and led to the 


formation of CO through the reaction CO, + H <> CO « OH | In addition, 


the reactions of CO; with hydrocarbons could also contribute to CO formation. 
Mendiara and Glarborg [37] observed that higher CO, concentrations 
increased the OH/H ratio, lowered the O/H radical pool and increased the 
amount of CO. In the light of these findings, Andersen et al. [38] tested and 
refined two global multistep mechanisms for oxy-fuel conditions, the two-step 
mechanism by Westbrook and Dryer and the four-step mechanism by Jones 
and Lindstedt, on the basis of model predictions using a detailed chemical 
kinetic mechanism. The initiation reactions involving the hydrocarbon fuel 
remained unaltered in the modified model and changes were made to the H2- 
CO-CO, reactions to obtain an improved fit for CO levels and steady state 
emissions predicted by the detailed chemical kinetic mechanism. 

Bejarano and Levendis [39] performed combustion experiments on lignite 
and bituminous coal particles in a 4.2 kW electrically heated laminar-flow 
drop-tube furnace in air and oxy-fuel conditions with high temperatures (1400- 
1600 K) and different oxygen contents (20-100%). The combustion 
temperatures of the coal volatiles were measured and found to be higher in the 
O,/N> environment than in O;/CO; conditions, whereas their corresponding 
combustion times were shorter. Khatami et al. [29] performed similar particle 
combustion experiments on coals of different rank and they observed that on 
replacing Nz by CO; but maintaining the same oxygen mole fraction, particle 
combustion appeared dim and blurry (indicative of slow oxidation), as can be 
seen in Figure 7. The combustion of volatiles in envelope flames was 
suppressed in the presence of CO;. However, increasing the oxygen mole 
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fraction in CO; atmospheres led to an increase in the intensity of combustion 
and temperature. 


PSOC-1451: 279605-7396CO; 


0 30 40 


PSOC-1451: 27960;-7396N; 


PSOC- 1451: Sec, 63%CO 
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Figure 7. High-speed, high-magnification cinematography of typical combustion 
events of single particles of Pittsburgh # 8 bituminous coal (PSOC-1451) in different 
ON; or O;/CO; atmospheres. The numbers displayed under each frame denote 
milliseconds, zero representing the beginning of each depicted sequence. Nominal 
particle sizes were in the range of 75-90 um, and the furnace wall temperature was set 
to 1400 K (reprinted from [29], with permission from Elsevier). 


32 35 


2.4.2. Char Oxidation 

An increase in the oxygen concentration in the oxidant stream under oxy- 
fuel combustion can compensate for the larger specific heat capacity of CO» 
compared to Nz and for the lower diffusivity of oxygen and hydrocarbons in 
CO, than in N. Bejarano and Levendis [39] found that the combustion of 
bituminous char particles was hotter and faster in Nz than in CO»; background 
gases. In the case of the bituminous coals, similar char burning times and 
temperatures to those attained in air were obtained in the O;/CO; atmospheres 
with ~30-35% O2. However, in the case of the lignite coal particles the 
corresponding oxygen required in the O2/CO, atmosphere was around 25%. 
Similar conclusions were drawn by Kathami et al. [29], who found that the 
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burning time differences under N, and CO; were considerable for low oxygen 
contents (~21%), whereas they were not significant for high oxygen contents 
(higher than 35%). 

Shaddix and Molina [40] measured the char particle temperature reached 
during the combustion (gas temperature of 1700 K) of a sub-bituminous coal 
and a high-volatile bituminous coal in an entrained flow reactor. The oxygen 
concentrations ranged between 12-36% in N2 and CO, atmospheres. They 
observed lower temperatures and higher burning times in CO; than in N» for 
the same oxygen content. Brix et al. [23] carried out char combustion 
experiments in an entrained flow reactor at temperatures ranging between 
1173 K and 1673 K, using N and CO, as carrier gases with inlet oxygen 
concentrations between 5-28%. When the char was burned in the temperature 
range of 1173-1573 K, no significant differences in the char combustion rate 
between the two environments were observed. However, when char was 
burned at 1573 K and 1673 K, a higher combustion rate was observed in the 
N environment. This was attributed to the lower molecular diffusion 
coefficient of O2 in CO», which only has influence at high temperatures when 
the external mass transfer may affect the combustion process. 


2.4.3. Effect of Gasification Reactions 

Considering that the CO; and H,O(v) partial pressures in oxy-fuel 
combustion atmospheres are much higher than in the case of air-fuel, 
gasification should become more prominent in the later stages of the oxy-fuel 
combustion process. As long as the oxygen concentration is higher, the 
contribution of the gasification reactions is smaller than that of the oxidation 
reactions. Gasification reactions are highly endothermic, and the external 
energy required for such reactions is usually provided by the heat released 
from the oxidation reactions. In any case due to their endothermicity, the 
temperature of the particles and their reaction rate would be reduced [41]. 
Várhegyi et al. [42] measured the char consumption rate in Ar/O, and CO;j/O; 
mixtures and they found that the reaction rate was proportional to the oxygen 
concentration, but it was not influenced by the high concentration of CO; at 
1223 K. 


2.5. Pollutant Formation 


Coal combustion results in the formation of gaseous pollutants such as 
NO,, SOx, mercury, and particulate matter including fly ash and soot. Recent 
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studies on the impact of replacing N2 by CO; upon pollutant formation have 
been carried out, the main findings of which are as follows. 


2.5.1. Nitrogen Oxides 

An extensive review on NO, emissions and their control in oxy-fuel 
combustion has been compiled by Normann et al. [43]. In comparison with 
conventional combustion, lower NO, emission intensities were observed in 
oxy-fuel conditions since the lower N» concentration inhibits the formation of 
thermal and prompt NO. Furthermore the NO contained in the recycled flue 
gas is reburned in the combustion zone to yield N2. Also, due to the higher 
CO; concentrations in the oxy-fuel atmosphere, the radical pool may be 
altered, thereby influencing NO formation. 

A higher CO content can be expected under oxy-fuel conditions due to the 
dissociation of CO» and char gasification reactions, which could contribute to 
the reduction in the amount of NO formed. Shaddix and Molina [44] measured 
NO concentrations during the combustion of pulverized coals and coal chars at 
1323K in ON»; and O;/CO; environments with different oxygen 
concentrations (12-36% O5). They found that N-char had slightly lower 
conversion values in O7/CO; environments, although the fuel nitrogen 
conversion increased with the oxygen concentration (Figure 8). These authors 
also performed experiments with high background NO, concentrations to 
investigate the importance of NO reburning. The reburn reactions were found 
to be of great importance (between 20-40%) in high background NO, environ- 
ments, net NO, production being observed only in the environment with 36% 
oxygen. Similar results were obtained by Ndibe et al. [45] when they burned a 
lignite and a high-volatile bituminous coal in an entrained flow reactor at a 
wall temperature of 1373 K in air and O;/CO; conditions (21-40960;). They 
found that NO emissions were significantly lower in the oxy-fuel experiments 
than in air and that they increased with the increase in inlet oxygen concen- 
trations under oxy-fuel conditions. 

Álvarez et al. [46] reached similar conclusions in their oxy-fuel 
combustion experiments with a semianthracite and a high-volatile bituminous 
coal in an entrained flow reactor at a wall temperature of 1273 K (Figure 9). 
These authors also observed that the substitution of steam for N or CO; 
decreased the formation of NO. However, the efficiency of steam in the 
reduction of NO decreased with increasing inlet oxygen concentrations. 
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Figure 8. NO, concentration measured during coal combustion at different oxygen 
levels. The solid lines and symbols indicate the N, diluent, whereas the dashed lines 
and open symbols indicate the CO, diluent (reprinted from [44], with permission from 
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Figure 9. NO concentration from the combustion of a semianthracite (HVN) under air 
and oxy-fuel conditions with the addition of steam (reprinted from [46], with 


permission from John Wiley and Sons). 
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The recirculation of nitric oxides along with the flue gas through the 
burner will lead to a decrease in NO emissions. The reduction of NO occurs 
via one of three different mechanisms. Okazaki and Ando [47] evaluated the 
relative importance of each of these mechanisms in oxy-fuel conditions in a 
small-scale laboratory reactor, where they found that: (1) the reduction of NO 
to cyanide and amine intermediates by hydrocarbons accounts for 50-8096 of 
the decrease in NO, (ii) the reduction of NO to N: through reactions with other 
nitrogen species (mainly NH3 and HCN according to De Soete's scheme [48]) 
accounts for 10-50% of the total NO reduction, and (iii) the reduction of NO to 
N» by heterogeneous reactions on the char was of only minor importance in 
oxy-fuel conditions. 


2.5.2. Sulfur Oxides 

Stanger et al. [49] reported the fate of sulfur under oxy-coal combustion 
and found that the fuel sulfur conversion ratio did not significantly change 
under air-fuel and oxy-fuel combustion conditions. However, due to the lower 
volume of flue gases and the recirculation of some of the gases (and therefore 
of NO, and SO»), the NO, and SO; concentrations measured in the furnace 
may be significantly higher under oxy-fuel conditions than under air-firing. 

Due to the higher SO, and H2Ow) concentrations, the dew point is bound 
to increase [50] and increases of about 20-40 K from ~403 to 433 K have been 
reported [51]. This may cause corrosion problems in the boiler and at the end 
of the flue gas duct if the temperature decreases below the gas dew point [52]. 
The effect of SO; on fuel oxidation behavior has been studied by Giménez- 
López et al. [53], who showed that SO» can prevent CO oxidation, although 
this effect is more pronounced under air-firing conditions than under oxy-fuel 
conditions. 


2.5.3. Fly Ash and Slag 

Stam et al. [54] investigated the thermodynamic equilibrium composition 
of fly ash and slag in oxy-fuel conditions. These authors found similar fly ash 
compositions in both an air and oxy-fuel environment. However, due to the 
lower particle temperature in oxy-fuel conditions (and hence a lower coal 
burning rate), the vaporization of both volatile metals and metal sub-oxides is 
significantly smaller, and therefore the formation of submicrometer ash 
particles is prevented [55]. Suriyawong et al. [56] compared two combustion 
cases, air and 209005/8096CO.;, and they found that the ratio between fine and 
coarse particles shifted significantly towards a smaller number of sub- 
micrometer particles in the oxy-fuel case. 
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According to the research carried out on slag formation, changes in slag 
deposition in an oxy-fuel plant compared to an air-fired one will not greatly 
affect the operation of the plant. Studies on ash deposition, slagging and 
fouling at the ANL 3 MWth pilot scale furnace plant showed no significant 
differences between air and oxy-firing conditions [57]. Neither did the ash 
samples from the deposits in the radiative and convective section of the IHI 
1.2 MW test facility show any notable differences between air and oxy-fuel 
conditions [14]. However, the furnace deposits under oxy-coal combustion 
contained more sulfur than those formed under air-firing. 
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Figure 10. Mercury concentration measured at the furnace exit. Experiments were 
performed with a sub-bituminous coal in air and two O;/CO; atmospheres at a reactor 
temperature of 1473 K (reprinted with permission from Suriyawong et al. [56], 
Copyright O 2006 American Chemical Society). 


2.5.4. Trace Elements: Mercury 

Although oxy-coal combustion has been extensively studied at a 
laboratory and pilot scale, very few data have been reported on the oxidation 
of mercury or its retention in fly ashes. In a series of tests in the 30 MW pilot 
scale facility of Babcock and Wilcox, mercury concentration in the flue gas 
and its oxidation were found to be higher under oxy-coal combustion than 
under air. Ongoing research on mercury behavior in oxy-fuel systems is being 
performed by the US Department of Energy/National Energy Technology 
Laboratories (DOE/NETL) [58] and CANMET [59]. Suriyawoong et al. [56] 
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measured mercury emissions from the air- and oxy-fuel combustion of a sub- 
bituminous coal in a laminar reactor and determined the ratio between the 
elemental and oxidized forms (Figure 10). Some attempts at modeling have 
also been made and Gharebaghi et al. [60] developed a model for predicting 
the mercury speciation of flue gases in air and oxy-coal combustion. 


2.6. Biomass Co-firing 


Biomass is a renewable fuel with a limited greenhouse effect, since the 
carbon dioxide released during its combustion is recycled as an integral part of 
the carbon cycle. Biomass absorbs during its growth the carbon dioxide which 
is emitted during its combustion. It is therefore considered as carbon-neutral, 
although this is not strictly true, since fossil fuels are typically consumed in the 
cultivation, irrigation and transportation of biomass. Biomass can be classified 
into the following different types: residues (e.g., sewage sludge, agricultural 
and algae-based residues), herbaceous (e.g., grasses and straw), aquatic (e.g., 
kelp), woody (e.g., sugarcane and sawdust), and derivatives (e.g., paper) 
[61,62]. Biomass is being increasingly implemented as an energy source for 
residential and industrial use, for energy production in modern biomass power 
plants and for co-firing with other fuels such as coal. It also has an important 
advantage as a fuel due to its high reactivity and high volatiles content. 
However, in comparison with solid fossil fuels, biomass contains much less 
carbon and so it has a lower heating value. 

Direct air-combustion is the traditional way of using biomass and it is 
responsible for over 97% of the world's bio-energy production in energy units 
[61]. The same challenges to the use of biomass for reducing CO; emissions in 
coal-fired power plants also apply to CCS power plants. The abbreviation 
BECS is employed to denote the concept of Biomass Energy for Carbon 
Capture and Sequestration [63]. In principle, all the CCS technologies 
proposed for fossil-fired power systems can be applied to systems using 
biomass fuels. However, the same problems that affect biomass and coal co- 
firing, such as biomass handling and management and problems associated 
with the lower ash melting point and the Cl and alkali contents can also be 
expected to appear in oxy-fuel power plants. 

Biomass produces high volatile matter, besides a high concentration of 
CO in the fuel-rich zone of the flames, which is even higher in O2/CO, 
environments. Riaza et al. [64] burned two coals, a semianthracite and a high- 
volatile bituminous coal, and their blend with up to 20% weight of biomass 
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(olive residue) in air and three O;/CO; atmospheres (21-35% Oz). In the case 
of the individual coals, a worsening in coal burnout was observed when N- 
was replaced by CO; at the same oxygen concentration (21%). In order to 
achieve similar burnout values to those in air, the oxygen concentration under 
oxy-fuel conditions must be of the order of 3096. Biomass shows a higher 
reactivity than coal and improves combustion behavior when it is blended with 
coal under both air and oxy-fuel firing conditions (Figure 11). However, the 
effect of blending coal and biomass is more marked with high-rank coal 
(semianthracite) than with low-rank coal (hvb coal). 
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Figure 11. Burnout values of: (a) a semianthracite, HVN and (b) a high-volatile 
bituminous coal, SAB, as well as their blends with olive waste (OW) under different 
atmospheres at a fuel equivalence ratio of 0.8 (25% excess air) (reprinted from [64], 
with permission from Elsevier). 
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Borrego et al. [65] studied the characteristics of wood chips, rice husk and 
forest residue chars obtained by pyrolysis in air and oxy-fuel atmospheres. 
They observed that the characteristics of the char obtained under air- and oxy- 
fuel combustion conditions, such as its morphology, pore volume, optical 
texture, specific surface area and reactivity, showed no significant differences. 
Farrow et al. [66] obtained chars from biomass (sawdust and pinewood) and 
coal (South African bituminous) in a drop tube furnace in pure Nz and CO, at 
temperatures ranging from 1173 to 1573 K. The biomass/coal char blends 
burned off significantly faster than the unblended coal chars in both air and 
CO», highlighting the catalytic effect of biomass char blending on coal 
combustion reactivity. They also found that the catalytic effect of alkali and 
alkaline metals present in the biomass fuels increased with the proportion of 
biomass char included in the blends. 

Arias et al. [67] investigated the combustion behavior of blends of a 
bituminous coal with biomass (olive residue) in an electrically heated 
entrained-flow reactor (EFR) in air and three oxy-fuel atmospheres 
(219605/7996N», 309005/70900; and 359605/659005). Riaza et al. [64] 
performed similar tests in the same EFR but with blends of a semianthracite 
with biomass (olive residue). In the case of the coal/biomass blends, the same 
ignition behavior under oxy-fuel conditions was observed as in the case of the 
individual coals. The ignition behavior of coals improved as the addition of 
biomass increased in both air and oxy-fuel conditions. The effect of adding 
biomass was especially noticeable in the ignition of high rank coals, such as 
the semianthracite. 

Smart et al. [17] burned two bituminous coals (Russian and South 
African) with 2096 biomass (Shea Meal) in a 0.5 MWt Combustion Test 
Facility. When the coal was cofired with biomass, the peak radiative flux 
values were inversely related to the recycle ratio, although these radiative 
fluxes were lower than in the case of the individual coals. Black et al. [68] 
numerically investigated the effect of replacing coal by biomass in both air and 
oxy-fuel conditions. In the case of oxy-coal firing, they pointed out that the 
optimum oxygen concentration for attaining a similar heat transfer to that of 
air-coal combustion was between 25% and 30%, whereas for oxy-biomass 
firing an oxygen concentration of more than 30% would be required to achieve 
similar heat transfer characteristics to those obtained with air-coal combustion. 

Some works on oxy-fuel combustion of coal/biomass blends focus on the 
ash depositions, which could represent the most serious problem associated 
with the addition of biomass. Depending on type of biomass used, some 
problems can be attributed to the composition of the biomass ash. Fryda et al. 
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[69] compared the deposition and fouling behavior of coal/biomass blends in 
oxy-firing and air-firing conditions. The fuels studied were two bituminous 
coals and a biomass (Shea meal). A horizontal deposition probe, fitted with 
thermocouples and heat transfer sensors, was placed at a fixed distance from 
the burner to simulate ash deposition on heat transfer surfaces. The ash 
analysis did not reveal differences in the ash chemistry between the oxy- and 
air-fuel cases. The results indicated that temperature and the composition of 
the fuels/blends were the major factors affecting gaseous compounds and ash 
composition rather than the combustion environment, which seems to affect 
the ash deposition mechanisms. However, this needs to be confirmed by data 
obtained at a larger scale. Finally, it remains to mention an indirect way of 
using biomass in oxy-fuel power plants by means of the biomass gasification. 
The indirect co-firing of biomass in oxy-fuel combustion has been planned in 
Ciuden's project [70]. 
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ABSTRACT 


Biomass fuels are gaining particular attention as a potential 
alternative to increase energy independence of fossil fuels and reduce 
environmental pollution. The main ones refer to lignocellulosic biomass 
and marine biomass (especially microalgae). There is a growing interest 
in the cultivation of lignocellulosic biomass for energy production as they 
typically have less capital-intensive conversion technologies, attractive 
opportunity for local and regional self-sufficiency, reduction in 
greenhouse gas emissions and viable alternative to fossil fuel use. On the 
other hand, microalgae have received increasing attention due to the fact 
that they can be cultured in ponds or photobioreactors with supply of 
nutrients or waste water. Moreover, the production of microalgae does 
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not require of high quality arable land and therefore it does not compete 
with food crops. 

Direct combustion is the oldest and still the most commonly used 
route for converting biomass to heat, power and combined heat and 
power. Combustion can be defined as the conversion of biomass fuels to 
several forms of useful energy in the presence of air or oxygen. Despite 
its inherent potential as a biofuel resource, the commercial viability of 
biomass combustion technology has not been achieved yet. In this regard, 
thermogravimetric analysis is one of the most common techniques used 
to rapidly investigate and compare thermal events and kinetics during 
combustion of biomass. TGA provides useful information concerning the 
temperatures at which combustion or decomposition reactions in the 
sample start. Biomass characteristics and kinetics of biomass combustion 
are essential for modeling the combustion in industrial processes. 
Therefore, from TGA data suitable mathematical models can be derived 
for a better comprehension of the oxidation behavior of these complex 
feedstock that allow to perform economic analysis and develop 
technology for a more efficient biomass conversion. 

Additionally, during the combustion of biomass, the composition of 
the gas emissions should be determined before industrial application. In 
spite of the environmental advantages, some aspects concerning the 
release of contaminants during biomass combustion must be taken into 
account. In this regard, NO, and SO, emissions depend on raw biomass 
composition, which usually is variable. Furthermore, the chloride amount 
in biomass might turn into operational problems such as corrosion. Other 
organic compounds such as benzene and toluene are considered to be part 
of the most dangerous emissions from biomass combustion causing 
diseases as lung infection and leukemia. Therefore, the knowledge of 
pollutant release during biomass conversion is truly important in order to 
reassure the use of biomass from the environmental point of view. In this 
regard, the coupling of thermogravimetric analysis with mass 
spectrometry (TGA-MS) stands out as the only experimental technique 
able to afford real-time and sensitive detection of evolved gases from the 
thermochemical conversion of a very small sample. 

In this chapter, the combustion behavior and the gas evolution 
analysis of different biomass feedstock (lignocellulosic and microalgae) 
by means of TGA-MS will be addressed. Finally, the kinetic analysis of 
the combustion process will be presented. 


1. INTRODUCTION 


The global energy demand has been increased exponentially in the last 
two decades being mainly due to the increase in world population. This fact, 
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together with the depletion of fossil fuel resources and the recent global 
awareness of environment pollution are the main reasons that have been 
proposed to make a change towards a global sustainability. In this scenario, the 
potential of biomass as an energy source has been widely recognized. It is 
estimated that biomass provides approximately the 14 96 of the total world- 
wide energy needs [1]. 

Biomass is a term for all organic material that stems from plants including 
algae, trees and crops that are susceptible to be converted into energy [2]. One 
of the most controversial points in the use of biomass as an energy source is its 
possible competition with human food supply. Nevertheless, there are different 
types of biomass that fit into this definition without compromising the world 
food supply. The main ones refer to lignocellulosic biomass and marine 
biomass (especially algae) [3]. 

A major part of biomass is ligno-cellulose [3]. Lignocellulosic material is 
the non-starch, fibrous part of plant materials. It is comprised primarily of 
cellulose, hemicellulose and lignin with lesser amounts of extractives [4]. 
Unlike carbohydrate or starch, lignocellulose is not easily digestible by 
humans, thus it does not threaten the world's food supply. There is a growing 
interest in the cultivation of lignocellulosic biomass for energy production as 
they typically have short growing period and high yields, and require little or 
no fertilizer, so they provide quick return on investment [3]. 

On the other hand, algae can be divided according to their size as: 
microalgae and macroalgae. Microalgae have received more attention than 
macroalgae for biofuels production, due to the fact that they can be cultured in 
ponds or photobioreactors with supply of nutrients or waste water. Moreover, 
the production of microalgae does not require of high quality arable land and 
therefore it does not compete with food crops [5]. The generic term microalgae 
refers to a large group of very diverse photosynthetic micro-organisms of 
microscopic dimensions. They are a very promising biomass for the following 
reasons: a high growth rate, high yield per area and high efficiency in CO; 
capture and solar energy conversion. Generally, microalgae varied in their 
proportions of protein (6-52 wt.%), carbohydrate (5-23 wt.%) and lipid (7-23 
wt.%). According to Ross et al. (2009) [6], microalgae with high lipid content 
could be a future source of third generation biofuels and chemicals. The oil 
content itself can be estimated to be 64.4 % of the total lipid component. 

Thermochemical conversion of biomass is the most promising route for 
biomass utilization [7]. These processes mainly include the direct combustion 
to generate heat and electricity, pyrolysis and gasification, to produce liquid 
and gaseous fuels that are suitable for feeding efficient gas engines and gas 
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turbines [8]. Pyrolysis plays an important role in these processes, being the 
first chemical step in both gasification and combustion processes. Generally, 
pyrolysis can be considered as a two-stage process involving the devolatili- 
zation of biomass and the slow heterogeneous conversion of char [8]. The char 
generated during pyrolysis is a high energy-density solid fuel suitable for 
combustion and gasification processes. Among the different thermo-chemical 
conversion technologies, the direct combustion is the oldest and still the most 
commonly used route for converting biomass to heat, power and combined 
heat and power [9]. Combustion can be defined as the conversion of biomass 
organic matter to several forms of useful energy in the presence of air or 
oxygen [10]. Thermogravimetric analysis is one of the most common 
techniques used to rapidly investigate and compare thermal processes and 
kinetics during combustion of biomass [11]. Furthermore, complementary 
techniques such as differential scanning calorimetry (DSC) can be used to 
evaluate the amount of heat released during the combustion of biomass. The 
combustion of biomass using thermogravimetric analysis has not been studied 
intensively yet [12]. Recently, the combustion behavior of different types of 
wood has been performed [12-16]. Furthermore, Kay et al. (2011) [17] studied 
the effect of biomass components on the co-combustion of biomass and coal. 

TGA provides useful information concerning the temperatures at which 
combustion or decomposition reactions occur. Moreover, quantitative methods 
can be applied to TGA curves in order to obtain kinetic parameters [18, 19]. 
As reported by Naik et al. (2010), suitable mathematical models can be 
derived for a better comprehension of the thermal behavior of these complex 
feedstock that allow to perform economic analysis and develop technology for 
a more efficient biomass conversion [20]. 


2. COMBUSTION OF BIOMASS 


The combustion of biomass is used to convert the chemical energy stored 
in biomass into heat, mechanical power or electricity [2]. Eq. 1 shows a basic 
scheme of the biomass combustion process: 


Biomass Fuel 


A 
a A 


C,H,O,+N+S+Inorganic constituents (Ca, K, Mg, ...) + Air > CO, + H,O+ C,H, + NO, + SO, + Ash + Heat 


(1) 
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The first term of the equation represents the biomass fuel. It can be seen 
that it is a highly heterogeneous material which is mainly composed of C, H 
and O and in a lesser extent of N and S. The amount of these elements in the 
biomass fuel varies from different species of biomass. Furthermore, it also 
contains a small but important percentage of inorganic constituents which are 
the main components of the biomass ash. The main products obtained in this 
process are CO» and H,O, together with a wide range of sub-products such as 
hydrocarbons, nitrogen oxides (NO,) or sulfur oxides (SO,). There is also a 
solid residue (Ash), which might influence the process in many ways, 
contributing to the occurence of operational problems such as fouling, 
slagging or corrosion. Furthermore, they can also affect the development of 
the process. 

Despite its apparent simplicity, biomass combustion is a complex process 
that involves simultaneous decomposition reactions, coupled heat and mass 
transfer effects with chemical reaction and fluid flow [21]. Generally, the 
combustion process is generally described by three stages: 


e Drying. In this stage, the moisture of the biomass fuel is removed. 

e Pyrolysis. The second stage of conversion involves the devolatili- 
zation of the biomass fuel. Also, most of volatiles are released and a 
solid fuel (char) is formed. This stage usually takes place between 400 
and 600 *C. 

e Combustion of the char. The last stage represents the oxidation of the 
formed char. This stage is the more exothermic one. This stage takes 
place at temperatures above 600 °C. 


The composition of biomass plays an important role on the conversion of 
biomass into energy, determining both the potential of the feedstock for energy 
processing and the operational problems that may arise [2]. Thus, a 
comprehensive evaluation of biomass composition must be performed before 
their use in energy conversion processes. The main analyses of interest are: 
elemental analysis, proximate analysis and ash composition. 


Ultimate Analysis 


The ultimate analysis determines the amount of C, H, N, S and O in the 
biomass fuel. This analyses provide an insight of the energy value of a fuel by 
measuring the significance of O:C and H:C ratios. High contents of O and H 
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implies a reduction of the energy value of the fuel due to the lower energy 
contained in carbon-oxygen and carbon-hydrogen bonds, than that contained 
in carbon-carbon bonds [2]. 

Table 1 shows the ultimate analysis for different types of biomass. Carbon 
and oxygen are the main elements that constitute the biomass together with 
hydrogen. Nitrogen content was much higher for microalgae than that for 
ligenocellulosic biomass. This is mainly due to the high protein content in 
microalgae. Finally, the sulfur content was lower than that of nitrogen being 
slightly higher for microalgae than for lignocellulosic biomass. The presence 
of N and S implies the emission of NO, and SO, during the oxidation process. 


Table 1. Ultimate analysis of different types of lignocellulosic 
and marine biomass 


Ultimate analysis (%wt.) 
Biomass sample C H Oo N S Reference 
Eucalyptus wood 41.6 |49 | 53.1 0.38 | 0.03 
Fir wood 50.1 |6.1 |43.4 |044 | 0.01 
Pine bark 52.7 |5.5 |41.7 | 0.01 | 0.08 [22] 
Chlorella vulgaris 42.8 |6.5 | 43.1 6.7 1.1 
Nannochloropsis 47.7 | 74 | 37.0 6.8 1.1 
gaditana 
Scenedesmus 40.7 |6.5 | 46.3 5.7 0.8 [23] 
almeriensis 


Proximate Analysis 


The proximate analysis determines the way in which the chemical energy 
of biomass is stored [2]. The proximate analysis provides the amount of 
moisture, ash, volatile matter and fixed carbon in the biomass fuel. The two 
first properties have adverse effects on the quality of the fuel. High values of 
moisture decreases the calorific value of the fuel to an uneven overall energy 
balance whereas high values of ashes lead to an increase of operational costs. 
On the other hand, proportion of fixed carbon and volatile matter determine 
the available energy that biomass is able to yield. 

Table 2 shows the proximate analysis of different types of lignocellulosic 
and marine biomass obtained from literature. Volatile matter content varied 
among the different species of biomass. Lignocellulosic biomass contains the 
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higher amount of fixed carbon. Finally, it is remarkable the high ash content of 
marine biomass compared to that of lignocellulosic biomass. The ash content 
of biomass affects both the handling and processing costs of the overall 
biomass conversion process cost [2]. 


Table 2. Proximate analysis of different types of lignocellulosic and 
marine biomass. The proximate analyses were carried out according to 
the technical specifications UNE-EN, UNE-EN 14775:2010, UNE-EN 


15148:2010 and UNE-EN 1474-2 for ash, volatile matter and moisture 
determination, respectively 
Proximate analysis (%wt.) 
Biomass sample Moisture | Ash Volatile Fixed Reference 
matter carbon 
Eucalyptus wood | 2.6 6.8 73.8 16.8 
Fir wood 2.6 34 74.4 19.5 
Pine bark 44 2.7 61.6 31.3 [22] 
Chlorella vulgaris | 4.4 15.9 | 67.2 12.4 
EE, ees 64 | 79.8 10.2 
gaditana 
23 
Ge 2.9 194 | 67.9 9.7 a. 
almeriensis 


Ash Composition 


Finally, the ash composition is important to control or mitigate the 
possible fouling or slagging phenomena that might take place when processing 
the biomass fuel. Table 3 summarizes the mineral content of different types of 
lignocellulosic and marine biomass. It can be observed that all samples 
contained a high concentration of alkali and alkali-earth metals. Furthermore, 
other elements such as Si or Al were found in high proportions. 

The reaction among these elements produces a sticky, mobile liquid phase, 
which can lead to blockages of the furnaces and boilers [2]. 

The detailed chemistry of the process is still far from being understood 
and the study of the process is usually described on the basis of generalizations 
and simplifications. Thus, further research must be done in order to obtain a 
deeper insight into the biomass combustion process. In this regard, thermal 
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analysis techniques provide an excellent tool for studying biomass conversion 
processes at laboratory scale. 


Table 3. Mineral content of different species of lignocellulosic and marine 
biomass determined by inductively coupled plasma (ICP) 


Mineral content (ppm) 


Biomass sample K Ca Mg A] | Na Si Fe References 
Eucalyptus wood 5078 | 4116 1062 | 43 1431 | 247228 | 33 

Fir wood 1880 10921 | 1774 | 557 | 1807 | 353166 | 717 

Pine bark 1254 | 2726 | 776 946 | 2764 | 474344 | 385 [22] 


Chlorella vulgaris | 3116 10397 | 3577 107 | 5277 14817 712 


Nannochloropsis 2689 | 7493 3123 433 | 41620 | 38394 | 2415 
gaditana [23] 


Scenedesmus 21038 | 7297 22455 | 106 | 4402 11239 2769 
almeriensis 


Thermal analysis has been formally defined by the International 
Confederation for Thermal Analysis and Calorimetry (ICTAC) as a group of 
techniques in which a property of the sample is monitored against time or 
temperature while the temperature of the sample, in a specified atmosphere, is 
programmed [4]. Complementary techniques can be used to analyze the 
gaseous products evolved during thermal analysis measurements. This group 
of techniques involves the mass spectrometry (MS), Fourier transform 
spectrometry (FTIR) and gas chromatography (GC). 

This work is aimed to the application of the most common thermal 
analysis techniques (TGA and DSC) to the study of the combustion process of 
biomass feedstock. Furthermore, the coupling of mass spectrometry for the 
study of the gaseous products obtained during the combustion of biomass is 
also reviewed. 


3. STUDY OF COMBUSTION BY THERMAL ANALYSIS 


3.1. Thermogravimetric Analysis (TGA) 


Lignocellulosic biomass is mainly composed of three different types of 
components: cellulose, hemicellulose and lignin. In this regard, the thermal 
behavior of biomass can be regarded as the addition of the primary 
decomposition of biomass main components. This study reports the thermal 
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behavior of the hemicellulose component of biomass as the xylan one, which 
has been widely used as representative of the hemicellulose component in 
thermochemical conversion processes [12, 24]. This is mainly due to the fact 
that the hemicellulose component is not easily separated from biomass and 
thus, it can hardly be purchased commercially. Figure 3.1 shows the 
thermogravimetric (TGA) and derivative thermogravimetric (DTG) analysis 
for the combustion process of pine bark and the biomass main components 
(cellulose, hemicellulose and lignin). It can be observed that the combustion 
process can be sub-divided into the two abovementioned main stages (the 
drying stage is not reported here): the devolatilzation stage (pyrolysis) and the 
char oxidation stage. 

There are substantial differences in the thermal behavior of the main 
components of lignocellulosic biomass, which are mainly attributed to their 
different chemical structures [17]. Lignin was the first component to 
decompose (146 °C) whereas xylan and cellulose started decomposing at 187 
and 266 °C, respectively. This behavior is attributed to the fact that lignin and 
xylan have methoxy functional groups, which tend to break easily [17]. 

Lignin was the most thermal stable component decomposing in two steps, 
starting at 146 and 550 °C, respectively. DTG curve for lignin oxidation 
presented the smallest and widest peaks. This fact is due to lignin is polymeric 
in nature with a three-dimensional structure consisting of phenylpropane 
coupled with C-C or C-O-C bonds whose activity covers a wide range of 
temperatures [17]. The DTG curve for lignin combustion shows two main 
peaks at 397 and 518 °C (decomposition rate of 0.295 and 0.326 %/°C, 
respectively). The burnout temperature was established at 757 °C. 

Xylan is the less thermally stable component of biomass. Two strong 
decomposition peaks overlapped in the temperature range of 147-371 °C, 
having the maximum DTG peak at 264 °C (0.841 %/°C). This degradation step 
is mainly attributed to C-O-C and some pyranose C-C bonds breakdown [12]. 
A second step was observed between 429 and 615 °C. 

The primary decomposition of cellulose, in which 87 % by weight was 
lost, took place between 266 and 423 °C. The DTG peak for cellulose 
oxidation was found at 354 °C and presented the highest weight loss rate of all 
samples (2.74 %/°C). During this stage, a complex set of reactions as 
denitration and deacetylation, scission of O-N, C-O, CC and C-H bonds might 
take place [25]. A smaller peak was found between 441 °C and 637 °C (0.10 
%/°C) that can be attributed to char oxidation. 
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Figure 1. TGA-DTG plots for the combustion process of Pine bark and lignocellulosic 
biomass main components (cellulose, hemicellulose and lignin) (Temperature range: 
125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 Nml/min; Reactive gas: 79 96 
vol. Ar + 21 vol O3). 


Concerning the thermal behavior of the lignocellulosic biomass sample 
(Pine bark), three decomposition peaks can be clearly observed. These peaks 
matched the main decomposition steps of biomass main components. In the 
devolatilization stage, two peaks could be observed. The first one, detected 
between 250 and 310?C, represented as a shoulder in the DTG plot 
corresponded to the thermal degradation of the hemicellulose component. The 
second one, where the maximum weight loss rate took place, was detected at 
330 *C which was pretty close to that obtained for the cellulose component 


Combustion of Lignocellulosic Biomass and Marine Biomass ... 209 


(350 ?C). The oxidation stage (440-610 ?C) was coincidental with the 
oxidation of the lignin component. Thus, a clear representation of the thermal 
behavior of lignocellulosic biomass can be done by considering the 
lignocellulosic biomass main components decomposition. 
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Figure 2. TGA/DTG plots for the combustion process of microalgae Nannochloropsis 
Gaditana (Temperature range: 125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 
Nml/min; Reactive gas: 79 96 vol. Ar + 21 96 vol. O2). 


Microalgae composition is different than lignocellulosic biomass. 
Microalge are mainly composed of lipids, carbohydrates and proteins. In a 
similar way than for lignocellulosic biomass, the thermal behavior of 
microalgae can be regarded as a step-wise process where carbohydrates, 
proteins and lipids decompose. Figure 2 shows the TGA/DTG plot for the 
combustion process of the microalgae Nannochloropsis gaditana. In this case 
the devolatilization stage could be described by three decomposition peaks. It 
can be observed that the decomposition of microalgae started at around 170 *C 
being ascribed to carbohydrates decomposition. The second sub-step was 
detected by a peak at 284 ?C and was associated to the degradation of 
carbohydrates and proteins, obtaining the highest weight loss rate (0.44 
wt%/°C). Finally, a third peak was observed close to the char oxidation stage. 
This peak appeared at 430 °C. In this stage, the final decomposition of lipids 
took place and was mainly associated to the break-down of hydrocarbon 
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chains of fatty acids [26-28]. The char oxidation stage took place between 478 
and 725 °C. The final amount of ashes remaining after the combustion process 
of the microalgae was around 6.0 wt.%. Additionally, a last decomposition 
step was observed between 826 and 998 ?C. According to Wang et al. [29], 
this step is mainly related to volatile metal loss and carbonate decomposition. 
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Figure 3. TGA-DTG plots for the combustion process of marine microalgae 
(Scenedesmus almeriensis) vs lignocellulosic biomass (Eucalyptus wood sample) 
(Temperature range: 125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 Nml/min; 
Reactive gas: 79 % vol. Ar + 21 % vol. Oy). 
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From the view of point of the pyrolysis of lignocellulosic biomass and 
marine biomass, Figure 3 shows the TGA-DTG plots for the combustion 
process of Eucalyptus wood and the specie of microalgae Scenedesmus 
almeriensis. It can be observed that microalgae sample started decomposing at 
lower temperatures than terrestrial sample although they decomposed in a 
broader range of temperatures. Furthermore, microalgae samples showed a last 
decomposition step at temperatures around 1000 ?C. These differences are 
attributed to the different compositions of these materials. As abovementioned, 
microalgae are mainly composed carbohydrates, proteins and lipids, which are 
less thermal resistant than lignocellulosic biomass main components 
(cellulose, hemicellulose and lignin) [30]. Additionally, the last decomposition 
step was attributed to the decomposition of inorganic material being in good 
agreement with the high ash content in microalgae. This fact cannot be 
overlooked either, as the catalytic effect of ashes can also contribute to the 
progress of the pyrolysis process [6]. 


3.2. Differential Scanning Calorimetric Analysis (DSC) 


Figure 4 shows the differential scanning calorimetry (DSC) profile for the 
combustion process of Fir wood and the specie of microalgae Nannochloropsis 
gaditana. The DSC plots showed the existence of two exothermic regions. The 
first region is associated to the combustion of light volatile matters, which 
provides reactivity of biomass fuels. This peak is short and lower, so less heat 
was released. The second one represents the combustion of fixed carbon [31]. 
Similar conclusions can be derived from this study. It can be observed that the 
DSC plot for the combustion of the microalgae sample started at lower 
temperatures than those for the lignocellulosic one. However, the DCS profile 
of the microalgae covered a wider temperature range. This way, the 
combustion of fixed carbon peak appeared at higher temperatures (620 °C) 
than in the lignocellulosic biomass sample (480 °C). 

The DSC curve allows to compute the combustion heat (Hoo) by 
integrating the area of the positive or negative peaks for exothermic and 
endothermic processes, respectively. Table 4 shows the calculated heat of 
combustion obtained for different types of lignocellulosic and marine biomass 
at a heating rate of 40 ?C/min. It can be observed that the value of this 
magnitude obtained for the combustion process of lignocellulosic biomass 
samples was higher than that obtained for the microalgae ones. This fact is due 
to the higher amount of fixed carbon of lignocellulosic biomass. Furthermore, 
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the high amount of ash in marine biomass can also influence the process as it 
reduces the energetic density by mass of the sample. 
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Figure 4. DSC plots for the combustion process of marine microalgae 
(Nannochloropsis Gaditana) and lignocellulosic biomass (Fir wood). (Temperature 
range: 125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 Nml/min; Reactive gas: 79 
% vol. Ar + 21 % vol. Os). 


Table 4. Heat released during the combustion process of lignocellulosic 
biomass and marine biomass 


Biomass feedstock Hoomb (KJ/g) Reference 
Lignocellulosic | Fir wood 9.4 
biomass Eucalyptus wood 8.6 [22] 
Pine bark 10.1 
Microalgae Nannochloropsis 7.9 
gaditana 
Scenedesmus almeriensis | 7.8 [23] 
Chlorella vulgaris 8.8 
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3.3. Mass Spectrometric Analysis 


Figure 5 shows the MS spectra of the main products (H20, CO and CO;) 
obtained in the combustion of lignocellulosic biomass (Eucalyptus wood) and 
marine biomass (Chlorella vulgaris). MS profile of biomass could be divided 
into different stages related to their degradations steps studied in the 
TGA/DTG curves and described in previous sections. The gas distribution 
observed for the combustion process of lignocellulosic biomass and marine 
biomass was different. 

Concerning lignocellulosic biomass, CO and CO; evolved over the whole 
temperature range with a higher proportion of CO». The release of these 
products took place by two emission peaks at temperatures around 320 and 
400 °C. CO is assumed to be produced by the formation of molecular oxide 
complexes that further rearrange turning into the evolution of CO [32]. 
However, CO, presented a more complex formation process [32], as its 
production can be catalyzed or inhibited by the formation of carbon 
intermediates [33]. The maximum emission peak was obtained for CO; at 420 
°C corresponding to the oxidation of the char. A peak for CO; was detected at 
680 °C which was related to the decomposition of inorganic materials. HO 
was released in two steps. The higher peak for water was formed in the main 
devolatilization stage, being associated to the evolved aliphatic OH groups 
[33, 34]. Finally, a shoulder appeared in the MS spectra, which was related to 
the water formed by the oxidation of H, and calcium carbonate decomposition 
[33]. 

The mass spectra obtained for the combustion process of marine biomass 
(Chlorella vulgaris) was different from that of the lignocellulosic biomass. 
The main difference was the marked signal obtained for H2O during the 
devolatilization of the sample. CO and CO; main peaks took place at 
temperatures between 555 and 610 °C being coincident with their DTG peaks. 
The CO and CO; emissions detected in this temperature range were due to the 
fixed carbon oxidation [29]. Emission peaks at lower temperatures were 
associated to the decomposition of carboxyl groups in protein and saccharides 
[35]. Furthermore, an additional peak was found at temperatures above 800 °C, 
which was attributed to the decomposition of mineral matter, as carbonates, in 
the ash [29, 36]. This peak was more prominent than that obtained for the 
combustion process of eucalyptus wood. This fact agrees well with their ash 
composition analysis (Table 2). On the other hand, H2O emissions reached 
their maximum evolution rate at 298 °C. 
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Figure 5. Mass spectra profile of CO, CO, and H,O for the combustion process of 
lignocellulosic biomass (Eucalyptus wood) and microalgae (Chlorella vulgaris) 
(Temperature range: 125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 Nml/min; 


Reactive gas: 79 % vol. Ar + 21 % vol. Oy). 


The H,O produced at this step was mainly associated to the oxidation of 
oxygen containing functional groups (especially hydroxyl groups). H2O peaks 
at lower temperatures were attributed to the loss of cellular water and external 


water bounded by surface tension [37]. 
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Figure 6. Gas evolution profile of CH4, NO;, SO and SO, for the combustion process of a) microalgae Chlorella vulgaris and b) 
lignocellulosic biomass eucalyptus wood. (Temperature range: 125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 Nml/min; Reactive 


gas: 79 % vol. Ar + 21 96 vol. O;). 
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Finally, the water produced at higher temperatures was associated to the 
evolution of H2. H20 peaks were found at lower temperatures than CO» ones, 
indicating that microalgae samples decomposition started via dehydration of 
their components followed by their combustion [5]. 

Figure 6 shows the mass spectra for other compounds which were released 
in lower proportions. Light hydrocarbons (HC), especially CH4, were the main 
secondary products detected. CH, had two main origins related to 
devolatilization and charring processes [14]. It can be observed that the 
maximum emission peak for the microalgae sample was obtained at higher 
temperatures than for the Eucalyptus wood one. The origin of HC in 
microalgae is attributed to the decomposition of carbohydrates and lipids. In 
this sense, Marcilla et al. [38] reported that the main source of methyl groups 
was the decomposition of lipids, which agrees well with the maximum CH4 
production observed at 529 °C. 

The evolution of nitrogen compounds took place through different 
emission peaks. Nitrogen compounds mainly evolved NO; although other 
components such as CH4N, NO or HCN were also expected to be produced 
[22]. The first NO; emission peak for Eucalyptus wood was detected between 
200 and 400 °C and was mainly associated to the decomposition of proteins. 
The last peak at temperatures above 400 °C corresponded to the oxidation of 
the remaining nitrogen in the char. The maximum yield of NO; was reached in 
this stage. The NO» emission peak for the microalgae sample was broader than 
that for the lignocellulosic one, encompassing the devolatilization and 
oxidation stages. Furthermore, a peak at temperatures higher than 700 °C was 
found and it could be related to the catalytic effect of some compounds in the 
ash [23]. 

Finally, sulfur compounds were also detected as SO and SO». The signal 
obtained for lignocellulosic biomass was lower being close to the noise level 
of the MS equipment. The release of these compounds in the combustion 
process of microalgae is mainly associated to the decomposition and oxidation 
of sulphated polysaccharides [35]. SO and SO; maximum peaks were found at 
300 ?C. Furthermore, a second emission peak was found in the lipid 
decomposition temperature range (350-480 ?C) for both compounds due to the 
degradation of organic sulfides in organic residues [35]. These peaks were 
characterized by the apparition of SO, at lower temperatures than SO. The 
emission of SO and SO, in the combustion of lignocellulosic biomass took 
place in the devolatilization stage at temperatures around 330 °C. The origin of 
these compounds in the combustion was associated to the decomposition of 
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sulphoxide and sulphone groups of the lignin component, which facilitates its 
further depolymerization [39]. 


3.4. Kinetic Analysis 


3.4.1. Theory 

Kinetic data from solid-state combustion can be obtained by using 
thermogravimetric analysis. The thermal devolatilization curve has been 
usually obtained as a sum of the contributions of the corresponding biomass 
individual components [11, 40]. However, solid-state reactions consist of more 
complex processes, involving a superposition of several elementary processes 
such as nucleation, adsorption, desorption interfacial reaction and surface/bulk 
diffusion [4]. 

There are numerous models that have been used for interpreting the 
kinetics of a process when using thermal analysis, such as single-step global 
reaction models, multiple-step models, and semi-global models. The model 
reported in this work is similar to that reported by Gil et al. (2010) [11] for the 
determination of the combustion kinetic parameters of coal/biomass blends. A 
several-stage reaction kinetic scheme consisting of several independent 
reactions was proposed for the thermal decomposition of biomass under an 
oxidative atmosphere [11, 13], represented by the DTG curves. The kinetic 
scheme includes the following reactions: 


A(Biomass) — V;(Volatiles;) +C, (Biomass;) 
C,(Biomass) — V»(Volatiles;) ^C; (Biomass;) 


C..i (Char) C, (Volatiles,) +D (Ash) (2) 


The sub-index (1,2,...,x-1 and x) refers to each of the decomposition 
stages, determined by the number of DTG peaks observed, of the biomass 
combustion process. The approach used in the present work for the 
determination of the combustion kinetic rates of a material was based on the 
Arrhenius equation, which has been used by other researchers in order to 
obtain kinetic parameters of thermal events under combustion conditions [11, 
14]. 
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da gt =k f(a) (3) 
k =Ky-e7Fa/RT (4) 


where f(a) represents the hypothetical model of the reaction mechanism; k is 
the reaction rate; Ko represents the pre-exponential factor (min’'); E, is the 
activation energy (kJ mol`’);T is the absolute temperature (K); t represents the 
time (min), and a is the degree of conversion defined by: 


a= (m, 8 gr = my) (5) 


where m, and m, represent the mass at t=0 and t=t, respectively, and m¢is the 
final mass of the sample. 

For a constant heating rate B (K min’), B= dT/dt, Eq. (3) can be 
transformed into: 


Tëlee 7 Pg dT © 


By integrating Eq. (6) gives: 
g(a) = f, Pfa) = tg fr, e Int dT g 


where g(a) is the integral function of conversion. 
Eq. (7) is integrated by using the Coats-Redfern method [41]: 


Wiel = IM? (a zry- Dien 8) 


Generally, the term 2RT/E, can be neglected as it is much less than unity 
[42]. It has been demonstrated that for both the temperatures of combustion 
range and most values of E,, the expression In[KoR/BE] in Eq. (8) is essentially 
constant [18]. Thus, if the correct expression of g(a) is used, the plot of 
In[g(o)/T^] against 1/T should give a straight line with a high correlation 
coefficient of linear regression analysis, from which the values 
of E, and Ko can be respectively calculated from the slope of the line; and by 
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the intercept term in Eq. (8). The functions f(a) and g(a) referred to the 
different reaction models and are presented in Table 5 [4]. 


Table 5. Expressions for the most common reaction mechanisms 
in solid-state reactions [4] 


Reaction model f(a) g(a) 

Reaction order 

Oo (1-a)" o 

Oi -In(1-a) 

O: BUER 

O; 1/2 (1-a)? 
Phase boundary controlled reaction 

R; (1-o) (19) 1-(1-a) 1/2 
R3 1-(1-a) 79 
Power Law 

Pi nay PU 

P; PUE 

P3 y 

P4 "E 
Nucleation and growth (Avrami-Erofeev equation) 

N; n(1-a)[-In(1-a)]- ™ [-In(1-a) 5 
N, [-In(1-a)] 77 
N3 [-In(1-a)] 7? 
Ny [-In(1-o)] 7? 
Diffusion 

Di 1/20 D 

D; [-In(1-a)]' (1-o)In(1-a)*a 
D; 321-4 0-0-4 | EPIS) E 
D, 32[0-a)7-1]7 1-2/3a-(1-a)^ 


3.4.2. Kinetic Results 

The kinetic model used in this work was derived from the PMSM (Pseudo 
Multi-component Separate-stage Models) approach. In this type of models, the 
biomass sample is composed of multiple pseudo components [42]. In this 
regard, the kinetic parameters can be determined assuming single separate 
reactions for the different stages of thermal conversion. As aforementioned, 
the DTG plots represented different decomposition peaks dividing the 
combustion process of biomass samples in different stages. Each stage 
represents a separate reaction. Biomass combustion was clearly defined by two 
main stages: devolatilization stage (Dev. stage) and char oxidation stage 
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(Oxid. stage). However, some samples underwent additional decompositions 
that should be considered as supplementary separate reactions before using 
this type of models. This way, Eq. (8) can be separately used in each of the 
stages commented above. 
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Figure 7. In(g(o))/T^ vs 1/T that showed the best linearity for Fir wood lignocellulosic 
biomass sample and the microalgae Nannochloropsis gaditana. (Temperature range: 
125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 Nml/min; Reactive gas: 79 96 
vol. Ar + 21 vol Op). 
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The model as a function of g(a) (Table 5), which delivered the highest 
correlation coefficient, was considered to be the function representing the 
mass loss kinetics for the samples under study. The function g(a) depends on 
the mechanism controlling the reaction and the size and shape of the reacting 
particles [43]. Figure 7 shows the typical lineal plots of /n/; g(a)/T] versus 1/T 
that are obtained with this type of models for the combustion process of the 
microalgae Nannochloropsis gaditana and the lignocellulosic biomass sample 
Fir wood at 40 °C/min. Table 6 summarizes the main kinetic parameters of 
different biomass samples gathered from literature. Generally, the models 
based on reaction order (O;), nucleation ON) and diffusion (Dj) are the most 
representative ones when evaluating the combustion behavior of biomass 
samples [11, 42, 44]. The general disadvantage of using dynamic thermal 
analysis is that in many cases more than one function g(a) fits the 
experimental results. Consequently, selection of the responsible mechanism 
and estimation of the real kinetic parameters can be difficult as previously 
reported [44]. Furthermore, separate stage models fail to predict the transition 
region between two mass loss processes and do not consider chemical 
processes. 


Table 6. Comparison for the kinetic parameters obtained for different 
types of biomass feedstocks 


Biomass E, (kJ/mol) References 
Heating rate Dev. stage Oxid. stage 
(°C/min) 

NG microalgae 40 63 113 [23] 

SC microalgae 40 81 125 

CV microalgae | 40 71 126 

Pine bark 40 97 188 [22] 

Fir wood 40 89 167 

Eucalyptus 40 90 135 

wood 

Maple wood Modulated 164 150 [12] 

Pine sawdust 15 102 219-236 [11] 

Oak wood 30 118 130 [13] 

Aspens wood 30 120 95 

Pine wood 30 125 120 

Birch wood 30 115 140 
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Table 6 shows the calculated activation energies for the combustion 
process of different types of biomass feedstock obtained by different authors. 
It can be observed that marine biomass samples presented lower activation 
energies than lignocellulosic biomass ones. This fact can be attributed to both 
the catalytic effect of ashes in the marine biomass and the low thermal 
resistance of their main constituents. 

For validating this type of analysis the reconstruction of the weight loss 
curves can be performed. Considering n separate reactions, the kinetic rates of 
thermal decomposition of a material can be easily derived from Eq. (6) as 
follows: 


doy — Ko/g e7 "Rtf (a) (9) 


where a;, Ko, Eai and fi(a;) are the degree of conversion, the pre-exponential 
factor, activation energy and model functions obtained for each stage of the 
combustion process, respectively. 

Figure 8 shows the experimental data (solid line) compared to the 
predicted one (dotted line) for the combustion process of the Fir wood 
lignocellulosic biomass sample and the microalgae Scenedesmus almeriensis. 
It can be observed that the used model adequately reproduces the experimental 
values, obtaining a low error. 


1.04 Theoretical 
Experimental 
0.84 0.8 
Mean error (96): 2.7 Mean error (%): 1.9 
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Figure 8. Comparison between experimental and theoretical results for the combustion 
process of the microalgae Scenedesmus almeriensis and the lignocellulosic biomass Fir 
wood. (Temperature range: 125-1000 °C; Heating rate: 40°C/min; Flow rate: 100 
Nml/min; Reactive gas: 79 % vol. Ar + 21 96 vol. O2). 
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CONCLUSION 


Thermal analysis coupled to mass spectrometry is an excellent tool for the 
characterization of the combustion process of different biomass feedstock. The 
TGA-DTG figures showed that the oxidation of biomass took place into two 
main stages. Firstly, the devolatilization of the sample took place leading to 
char formation (Devolatilization stage). The second stage involved the 
oxidation of the formed char (Oxidation stage) DSC and MS plots 
corroborated the existence of two stages. DSC analyses showed that most of 
the heat was liberated during the char oxidation stage being lignocellulosic 
biomass samples the ones which released a higher amount of Heomp. The mass 
spectra of the combustion process showed two main emission peaks. The main 
products obtained were CO, CO; and H2O together with other compounds 
such as CH4, NO, and SO,. The presence of NO, during the oxidation stage 
implies that part of the initial nitrogen in the biomass remained in the char 
after the oxidation process. According to their ultimate analysis, NO, and SO, 
were expected to be released in higher proportions for microalgae than for 
lignocellulosic biomass. Other pollutants such as SO, were detected in lower 
proportions according to biomass ultimate analysis. Lignocellulosic biomass 
had a higher thermal resistance than marine biomass samples, being mainly 
due to the higher resistance of their main constituents. The combustion process 
can be successfully reproduced by using Pseudo-Multi-component-separate 
stage models. Models of reaction order and diffusion ones were the ones that 
led to the best fits. It could be observed that the activation energy of 
combustion process was lower in marine biomass than in lignocellulosic 
biomass ones. 
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ABSTRACT 


Methane is the main component of natural gas and is probably the 
most abundant organic compound on Earth. In view of the fact that the 
world petroleum reserves are on the decline, a great deal of emphasis has 
been placed on developing alternatives for energy production. Significant 
efforts have been focused on finding effective processes and technology 
for the optimum utilization of the abundant natural gas inenergy 
production. During the last decades, the catalytic combustion of methane 
has been extensively studied as an alternative to conventional thermal 
combustion. This method allows converting methane at relatively low 
temperatures and with very high combustion efficiency, thus 
avoidingemissions. Hence, it is considered an effective route to produce 
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power with low environmental impact and then suitable for gas turbine 


applications. 


On the other hand, one of the lastest advances in catalysis is the 
phenomenon of Electrochemical Promotion Of Catalysis (EPOC), or 
Non-faradaic Electrochemical Modification of the Catalytic Activity 
(NEMCA), that has had a strong impact in the fields of electrochemistry, 
heterogeneous catalysis and surface science. This phenomenon is an 
important tool to improve the catalytic performance of a metal catalyst 
interfaced with a solid electrolyte by the application of low current or 
potentials over the catalytic film. During the last years, it has been 
demostrated that itis based on the change of the work catalytic function 
due to the elctrochemical pumping of ions from the solid electrolyte to 


the catalyst. 


In this chapter, the catalytic combustion of methane by this new 
phenomenon will be addressed. Finally, the application of this tecnhology 
to the methane combustion over palladium based catalyst-electrodes will 


be presented. 


1. INTRODUCTION 


Methane, which is referred to as CH4, is an organic compound made up of 
one carbon atomand four hydrogen atoms. The hydrogen atoms are spaced 
equally around the carbon atom, placed at the four verticesof a tetrahedron. 
The chemical structure of methane molecule is shown in Figure 1.It has a 
density of 0.717 kgm”, so methane gas is lighter than air, and a molecular 


weight of 16.043 g mol". 


Current estimations by the EPA (Environmental Protection Agency) place 
global emissions of methane at 3 trillion cubic feet (85 km?) per year [1]. 
Methane is the second most prevalent greenhouse gas and constitutes 1496 of 


the global greenhouse gas emissions (Figure 2) [1]. 


H4 
1.09 À 


LCi » 
H^ L^ H 


109.5 


A 


Figure 1. Chemical structure of methane molecule. 
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Figure 2. Global greenhouse gas emissions (in terms of CO; equivalent) [1-2]. 


Table 1. Typical composition of natural gas [2] 


Component His Composition 
formula 

Methane CH, 70-90% 

Ethane C2H6 

Propane CH. 0-20% 

Butane C4H;o 

Carbon dioxide CO, 0-8% 

Oxygen O2 0-0.2% 

Nitrogen Nə 0-5% 

Hydrogen sulfide HS 0-5% 

Rare gases A, He, Xe, Ne traces 


Furthermore, although the changing rate is less than that of carbon 
dioxide, methane affects climate change at least as much as carbon dioxide 
due to its Global Warming Potential (GWP) of21. This means that every 
kilogram of methane emitted into the atmosphere has an equivalent forcing 
effect on the Earth's climate that is 21 times greater than that of carbon dioxide 
over a 100 year period. Taking this into account, methane is a good candidate 
to mitigate global warming, but also represents a challenge for research into its 
reuse and maximum exploitation, for example, as an energy source. 
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Methane is the main component of natural gas and probably the most 
abundant organic compound on Earth. Although natural gas is formed 
primarily from methane, it can also include ethane, propane and butane at 
levels up to 2096. The composition of natural gas can vary widely. Atypical 
composition of natural gas prior to refining is shown in Table 1. 

In view of the fact that the world petroleum reserves are on decline, a 
great deal of emphasis has been placed on developing alternatives for energy 
production. Significant effort has been focused on finding effective processes 
and technology for the optimum utilization of the abundant natural gas for 
energy production as the supply of natural gas and coal-derived methane is 
expected to last for the foreseeable future. Furthermore, unlike other fossil 
fuels, natural gas is clean burning and emits lower levels of potentially 
harmful byproducts into the air [3]. 

Methane has the highest hydrogen to carbon ratio of all hydrocarbons (it 
contains four C-H bonds and only one carbon atom) and, as a consequence, 
combustion of methane yields the lowest amount of CO; per unit of energy 
produced. For instance, while the combustion of methane generates 890 kJ 
mol of CO; produced, the corresponding values for n-decane and coal are 
680 and 390 kJ mol’, respectively [4]. Moreover, the ratio of the heat of 
combustion (890 kJ mol !) to the molecular mass (16.0 g mol `. of which 12.0 
g mol’ is carbon) shows that methane, being the simplest hydrocarbon, 
produces more heat per mass unit (55.7 kJ g^) than other complex 
hydrocarbons [5]. Stricter regulations on CO; emissions to the atmosphere 
make natural gas even more attractive as a fuel for the purposes of energy 
production. 


2. CATALYTIC COMBUSTION OF METHANE 


The overall reaction for methane combustion is given by the following 
equation: 


CH. + 20, — CO, + 2H,O Aas = 890 kJ mol! 


The strength of the CH bond of the methane molecule is 435 kJ mol 1 
This dictates a very high overall activation energy for the homogeneous 
combustion of methane. On the other hand, the apparent activation energies 
for the dissociative adsorption of methane on certain crystal faces of transition 
metals have been reported to be as low as 29-41 kJ mol [6, 7]. This large 
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difference in the activation energies for homogeneous and heterogeneous 
dissociation of the C-H bond in the methane molecule suggests that catalysts 
can allow the combustion process to have a fast rate. Thus, the main advantage 
of the catalytic process in comparison to traditional homogenous combustion 
is the possibility, in principle, of obtaining complete oxidation of the fuel at 
low temperatures. The importance of this process has resulted in significant 
effort being applied to investigate a large range of catalytic systems for the 
combustion of methane. In the subsequent sections the main catalysts used in 
this reaction and their main applications are described in detail. 


i) Catalysts for Methane Oxidation 


The complete oxidation of methane can be performed over either noble 
metals or transition metal oxides. These two families of catalysts have been 
extensively studied over the last few decades with the aim of developing 
catalytic combustion applications [8-10]. 

Metal oxides, especially those belonging togroups 3-12 of the Periodic 
Table, have been studied as catalysts for methane oxidation. These oxides are 
characterized by high electron mobility and positive oxidation states. Among 
the various metal oxides, the perovskiteshavebeen studied extensively [9]. 
However, despite the fact that metal oxides are relatively inexpensive, they do 
suffer from disadvantages such us lower catalytic activity and higher light-off 
temperatures. 

The majority of investigations directed towards methane combustion have 
involved noble metals. The main advantage of noble metal catalysts over metal 
oxides is their superior specific activity, which makes them the best candidates 
for the low-temperature combustion of hydrocarbons. This is particularly 
important in the case of methane, which is the most difficult hydrocarbon to 
oxidize. Among the noble metals, platinum and palladium have been widely 
considered due to their high volatility in comparison to the other noble metals. 
However, Pd has been widely reported as the catalyst of choice for methane 
oxidation applications [7, 10, 11]. 

The rate of methane oxidation on Pd catalysts strongly depends on its 
chemical state. Because oxygen adsorbs much more effectively than methane, 
the metal surface will be oxidized eitherunder an excess of oxygen in the gas 
mixture or at low conversions with fuel-rich mixtures [11]. It is commonly 
accepted that at low temperature the active phase is crystalline PdO, which 
may exist in more than one form depending on the size of the oxidized 
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particles and on the nature of the support, but at high temperature metallic Pd 
can also be active for methane oxidation [7]. 

Another key issue is whether methane oxidation on Pd is structure- 
sensitive or structure-insensitive. Despite the fact that most research groups 
involved in this area have reported the methane oxidation reaction to be 
structure-sensitive [12], there are still some discrepancies [13]. The structure 
sensitivity of the methane oxidation reaction has been attributed to different 
reactivities of the adsorbed oxygen on the Pd surface. Oxidation of small 
crystallites of palladium produces PdO dispersed on the support, while the 
oxidation of large crystallites yieldsPdO dispersed on small crystallites of 
palladium. Palladium oxides on small crystallites of palladium are more active 
than Pd oxides on the support. Therefore, the large crystallites of palladium are 
more active than the small crystallites [10]. In contrast, Baldwin and Burch 
[14] reported that the particle sizes of the supported palladium catalysts did not 
have a clear effect on the activity inmethane oxidation once the rates were 
measured in terms of specific rate constants. 

The phase transformation between the metallic and the oxidized states of 
the palladium catalysts is accompanied by changes in the particle size and 
morphology. However, not only phase transformation, but also the method of 
catalyst preparation, type of support, the precursor and the reaction conditions 
could affect the performance of the palladium catalyst in the methane 
oxidation reaction. In addition, the oxygen mobility of the support can have a 
marked effect on the oxidation/reduction behavior of palladium catalysts [7]. 

The kinetics and mechanism of the catalytic methane oxidation over Pd- 
based catalysts have been widely studied. There is general agreement that the 
reaction rate is close to zero order with respect to oxygen and has a first order 
dependence with respect to methane except when there is insufficient oxygen 
for the reaction [7]. However, several studies have been reportedin the 
literature on CH4 combustion kinetics, but there is no consensus about the 
mechanism of this reaction. Thus, Eley-Rideal (ER), Langmuir-Hinshelwood 
(LH) and Mars van Krevelen (MvK) mechanisms have been proposed [15]. 


ii) Applications 


The catalytic combustion of hydrocarbons is generally considered to be an 
effective method to generate power and reduce emissions. In particular, 
interest in the catalytic combustion of methane has increased considerably in 
recent years and the following main applications can be highlighted: 
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(1) As an alternative to the conventional thermal process in gas turbine 
combustors used for power generation. 
(2) In compressed natural-gas vehicles (NGVs). 


Regarding the first application, the use of a catalyst would minimize the 
emissions. Catalytic combustion has the potential to reduce the emissions of 
NO, to almost zero and achieve ultra-low emissions of both CO and unburned 
hydrocarbons [3]. The presence of the catalyst means that the combustor can 
operate at higher air/fuel ratios than those with a flammable mixture. The 
maximum temperature attainable in the combustor can be controlled by 
varying the air/fuel ratio. This is a unique feature of the catalytic combustor, 
since without a catalyst a flame can only be sustained within a narrow air/fuel 
ratio range [5]. In conventional flame combustion systems, air enters the 
combustor at the compressor discharge temperature and, upon blending with 
fuel, the mixture is ignited and burned at temperatures in the range from 1700 
to 2000 °C. At these temperatures, nitrogen and oxygen can react to form NOx. 
Procedures to reduce NO, formation, such as reducing the residence time, lead 
to an increase in both operating costs and emissions of CO and unburned 
hydrocarbons. However, it is well known that the emissions of nitrogen oxides 
can be minimized by reducing the average temperature at which the 
combustion takes place. Catalysis is therefore an alternative approach to avoid 
the aforementioned problems [16]. In a catalytic flameless combustor, fuel and 
air are thoroughly mixed before entering the catalyst. The fuel-air mixture is 
then ignited over the catalyst outside the flammability region at lower 
temperatures, i.e., below 1100 °C. At temperatures above 1500 °C, the thermal 
NO, production is doubled for each 40 °C increase in temperature. Whereas a 
standard diffusion flame combustion turbine produces exhausts with NO, 
concentrations higher than 150 ppm, a flameless catalytic combustor achieves 
concentrations inthe order of 3 ppm [17]. Furthermore, catalytic combustion 
reduces the risk of blow-out or instability and dynamics during combustion. 
The catalytic combustor also does not require the use of expensive clean-up 
systems and involves negligible efficiency loss compared to gas turbines with 
conventional flame combustion systems. Thus, catalytic combustion has been 
shown to be effective in producing energy in gas turbine combustors while 
reducing emissions. 

The second main application of the catalytic total oxidation of methane 
concerns its use in natural gas combustion devices such as, for example, lean- 
burn natural gas vehicles (NGVs). Interest is growing in the expanded use of 
natural gas as an alternative to conventional liquid fuels in automotive internal 
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combustion engines. In addition to the economical and/or political reasons, the 
use of NGVs offers significant environmental advantages over gasoline or 
diesel. Natural gas engines can operate under lean conditions, thus increasing 
their fuel efficiency and minimizing the typical products that arise from 
incomplete combustion, such as soot, CO and volatile organic compounds. 
Emissions from properly functioning natural gas vehicles are generally 
considered to be lower than those produced by vehicles powered by gasoline 
or diesel [18, 19]. 


3. METHANE COMBUSTION BY THE ELECTROCHEMICAL 
PROMOTION OF CATALYSIS PHENOMENON 


Since the discovery of the catalytic phenomenon by Berzelius in 1835, 
many discoveries and advances have been made in the field of heterogeneous 
catalysis. One of the latest is the phenomenon of Electrochemical Promotion 
of Catalysis (EPOC), also known as the NEMCA effect (Non-Faradaic 
Electrochemical Modification of Catalytic Activity), which was discovered 
and first reported by Stoukides and Vayenas in 1981 [20]. 

The EPOC phenomenon is an innovative concept that is a tool to improve 
the behavior of a heterogeneous catalyst by electrochemistry. This effect can 
be used to modify both the activity and selectivity of catalyst electrode films 
supported on a solid electrolyte in a very pronounced and controllable manner. 
The process is based on the control, by applied current or potential, of the 
work function due to the electrochemical pumping of ions between the solid 
electrolyte and the catalytic surface deposited on it [21]. The rate and the 
selectivity can be reversibly and predictably modified by externally applying 
voltages (+ 2.5 V) or currents (+ 1-10 uA) between a catalyst and a counter 
electrode [21]. Since its discovery, several research groups throughout the 
world have studied this effect and it has been widely established that EPOC is 
a general phenomenon that combines different scientific disciplines such as 
catalysis, electrochemistry and surface science. 

The origin and mechanism have been found to arise from the 
electrochemically controlled transport of ionic species, which act as 
promoters, from the solid electrolyte to the metal-gas interface. This 
electrochemically assisted migration of promoter species together with their 
image charge in the catalyst create an overall neutral double layer and affect 
the chemisorptive bond strength of reactants and intermediates, thus 
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influencing the catalytic activity and selectivity in a dramatic manner. Hence, 
it can be defined as a special type of heterogeneous catalysis in which catalyst 
properties are deliberately modified by applying an electrical field. 

The effect of one type of polarization or another will have a positive or 
negative effect on the overall kinetics of the reaction process depending on 
whether the adsorbates involved in the reaction are electronegative or 
electropositive or the promoter ions are either cations (electropositive 
promoters) or anions (electronegative promoters) [21]. 

The magnitude of the Electrochemical Promotion phenomenon for 
different catalytic systems is commonly described by the rate enhancement 
ratio, p, defined by [21]: 


prr 
and the Faradaic efficiency, A, defined by: 
A = ArK(I/2F) 


where r and r° are the electrochemically promoted and the open-circuit 
(unpromoted) catalytic rate values, Ar (= r —1^) is the electrochemically 
induced change in catalytic rate, I is the applied current and F is Faraday's 
constant. 

Since its discovery, the electrochemical promotion of catalysis 
phenomenon has been employed to improve the catalytic performance of 
several processes of industrial and environmental interest. One of the 
processes that hasbeen investigated is the catalytic combustion of light 
hydrocarbons, including methane. The reported studies on the electrochemical 
promotion of methane combustion are summarized in Table 2. It can be seen 
that only noble metals have been used as catalysts. On the other side, 
palladium has been selected in most cases due to its high catalytic activity in 
this reaction. The first two studies were carried out in double chamber reactors 
and at temperatures above 600 ?C. In these studies, Pt films prepared by paste 
deposition were used as the catalyst-working electrode. Tsiakaras and Vayenas 
investigated the electrochemical promotion of methane oxidation on Pt 
deposited on YSZ [22]. The catalytic rate was enhanced by both supplying and 
removing O^ to or from the Pt catalyst, ie. the system exhibited volcano 
behavior [21]. Due to the high operating temperatures, the observed rate 
enhancements were restricted and the measured A values were quite low (up to 
5) whereas p values were found to be up to 70. 
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Table 2. NEMCA studies for the methane combustion reaction 


Solid Reactor Tem 
Ge Electrolyte configuration (°C) ; Ret 
Pt YSZ Double chamber | 600—750 [22] 
Pt SrCeoo)DyoosOs-, | Double chamber | 600—645 [23] 
Pd YSZ Single chamber | 400-420 [24] 
Pd YSZ Single chamber | 400 [25] 
Pd YSZ Single chamber | 500-600 [26, 27] 
Rh YSZ Single chamber | 350-550 [28] 
Pd YSZ Single chamber | 300-600 [29-36] 


Moreover, Belyaev et al. [23] reported studies on the complete oxidation 
of methane by electrochemical promotion but in this case over a Pt catalyst 
deposited on a solid proton-conducting electrolyte (SrCeos;DyoosOs-4). The 
induced change in the reaction rate at anodic polarizations was over two orders 
of magnitude higher than the rate of hydrogen pumping from the solid 
electrolyte to the catalyst film. However, cathodic polarizations did not affect 
the catalytic reaction rate, meaning that the system exhibited electrophobic 
behavior. 

Pd catalysts prepared by paste deposition on YSZ were later investigated 
by Giannikos et al. [37] and Frantzis et al. [25]. They used, for the first time, 
single chamber reactors and operated at lower temperatures (400—420 ?C). 
These studies were performed only under near stoichiometric or slightly 
reducing conditions. Electrophobic behavior was observed and Faradaic 
efficiency values of around 100—150 and catalytic rate increases up to 70—90 
times under anodic polarization were reported. Frantzis et al. [25] also 
observed slightly electrophilic behavior but, in this case, the catalytic rate was 
enhanced by up to a factor of 10 upon cathodic polarizations. 

Roche et al. [26] studied the electrochemical promotion of methane 
oxidation on sputtered Pd thin films deposited on YSZ. This study was carried 
out exclusively under fuel-lean conditions. Only at relatively high 
temperatures of 500 to 600 °C, they found a catalytic rate increase up to 3 and 
Faradaic efficiency values around 260 upon positive overpotentials, i.e. pure 
electrophobic behavior was observed. These authors also used YSZ 
honeycomb monoliths as supports [27]. Only inhibiting non-Faradaic effects 
were observed under anodic and cathodic polarizations for methane oxidation, 
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with a maximum Faradaic efficiency of 47 (at —2 V). The magnitude of these 
effects was weak and this resulted in a slight conversion decrease. 

Recently, the electrochemical promotion of methane oxidation has been 
investigated over Rh films prepared by paste deposition and interfaced with 
YSZ at temperatures from 350 to 550 °C [28]. The NEMCA effect on the 
catalytic rate was found to decrease on increasing the partial pressure of 
oxygen and temperature. The maximum effect was observed under reducing or 
stoichiometric conditions. Under reducing conditions at 430 ?C, positive 
current application caused a three-fold increase in the catalytic rate, while the 
apparent Faradaic efficiency was 170 and, therefore, electrophobic behavior 
was exhibited. 

In recent years, our group has carried out an in-depth investigation on the 
EPOC phenomenon in the methane combustion reaction at temperatures 
between 250 and 600 °C using Pd-based catalyst-electrodes deposited on YSZ 
discs [29-36]. Firstly, some preliminary studies were carried out in which Pd 
films were prepared by either organometallic paste deposition or impregnation 
and these were deposited on either YSZ or CeO;/YSZ. The aim was to assess 
the feasibility of the electrochemical promotion of methane oxidation over 
these palladium films. In all cases, a thermal pre-treatment was necessary in 
order to activate the catalysts. During this treatment a ‘negative activation’ 
was observed and the activity strongly increased upon the formation of PdO. 
However, all catalysts were rapidly deactivated. Thus, it was only possible to 
electropromote the catalysts at high temperatures and with the presence of a 
ceria interlayer. A galvanostatic NEMCA transient is shown in Figure 3. It 
depicts the response of the reaction rate of methane consumption and the 
catalyst potential on applying a constant positive current (I = +5 mA) between 
the Pd film and the counter electrode at 470 °C. 

For the first hour, the electrochemical cell was under open circuit 
conditions (occ) in order to stabilize the catalyst. The corresponding steady- 
state catalytic rate, d. was found to be 1.45 x 10 ‘mol O/s. The catalytic 
reaction rate under anodic polarization, where oxygen ions were transferred to 
the catalyst at a rate of I/2F = 2.6 x 10 “mol O/s, was found to be more than 
two times higher than that registered under open circuit potential (p = 2.1). 

One of the main goals of these systems was to achieve electrochemically 
promoted methane oxidation at low temperatures. As a result, further studies 
on the pre-treatment of these catalysts were carried out in order to activate and 
stabilize them at temperatures below 400 °C. It was revealed that a pre- 
treatment under oxidizing ethylene/methane gas mixtures led to the 
enhancement and stabilization of the methane consumption rate. 
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Figure 3. Transient response of the catalytic CH, consumption rate and of the catalyst 
potential upon application of I = +5 mA. Catalyst: impregnated Pd/CeO./YSZ/Au. 
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Figure 4. Effect of the applied overpotential (n) and temperature on the Faradaic 
efficiency (A ). Catalyst: impregnated Pd/YSZ/Au. 
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Figure 5. Effect of step changes in the catalyst potential on the CO; formation rate and 
the current through the catalyst (Reprinted with permission from Elservier [36]). 


It was also found that the slight reduction of PdO achieved by the pre- 
treatment improved the catalytic activity towards methane oxidation in 
comparison to either fully oxidized or reduced catalysts. 

Thus, Pd impregnated directly on YSZ was suitable for electropromotion 
at low temperatures and enhancements in the reaction rate of up to 120% and 
Faradaic efficiencies of up to 800 were obtained. As an example, the effect of 
the applied overpotential (n) and temperature on the Faradaic efficiency (A) 
for the catalyst-impregnated Pd/Y SZ/Au is shown in Figure 4. 

After studying and optimizing the electrochemical promotion of methane 
oxidation on  Pd-based  catalyst-electrodes deposited on YSZ, the 
electrochemically promoted combustion of natural gas over impregnated 
palladium catalyst-electrodes was investigated. It was found that positive 
overpotentials, leading to O% supply to the catalyst, caused a marked increase 
in the CO» formation rate at low temperatures. 

The transient effect of constant overpotentials at 380 °C on both the 
overall CO, formation rate and the current through the electrochemical cell is 
shown in Figure 5. 

An electrophobic behavior with respect to the CO; formation rate was 
detected. In this case, positive potentials of 0.3 and 0.5 V led to an increase in 
the reaction rate of 60 and 70%, respectively, and Faradaic efficiencies of 284 
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and 59, respectively. Interestingly, it can be observed that a steady-state for the 
catalytic rate was not attained even after prolonged polarization times. This 
can be explained by the progressive palladium oxidation during the anodic 
polarization. 

Besides, it can be observed that once the polarization ceased, the value of 
the catalytic rate returned to that obtained under open circuit conditions. This 
finding highlights the reversibility of the NEMCA effect on the combustion of 
natural gas. 


CONCLUSION 


Methane represents a challenge for research in terms of its reuse and 
maximum exploitation, for example as an energy source. For this reason, the 
methane combustion process is being widely investigated. The catalytic 
process, when compared to traditional homogenous combustion, presents some 
advantages such as the possibility, in principle, of obtaining complete 
oxidation of the fuel at low temperatures. In this sense, the electrochemical 
promotion of catalysis phenomenon may improve the catalytic performance of 
this process. 

This phenomenon is based on the control, by applied current or potential, 
of the work function due to the electrochemical pumping of ions between the 
solid electrolyte and the catalytic surface deposited on it. Studies on the 
electrochemical promotion of methane combustion have shown that noble 
metals, mainly palladium, used as catalysts/electrodes improve the catalytic 
activity of this reaction with enhancements in the rate ratios up to 70. 

Recently, our group has developed suitable Pd catalyst-electrodes, 
prepared by an impregnation technique or by the addition of a ceria or porous 
YSZ interlayer, for the electrochemically promoted oxidation of methane and 
natural gas combustion. Enhancements in the reaction rate up to 12096 and 
Faradaic efficiencies up to 800 were obtained at temperatures as low as 320 *C 
by the application of anodic catalyst overpotentials. Moreover, natural gas 
combustion was electrochemically promoted over impregnated Pd catalyst- 
electrodes deposited on dense YSZ. In this case, rate enhancements higher 
than 250% for CO» formation were obtained upon positive polarizations at 
temperatures as low as 340 *C. 
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NOVEL NITRATE-FREE ACETATE-H,0, 
COMBUSTION SYNTHESIS 
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Nanotechnology Research Division, Centre for Mechanical 
Technology and Automation, Department of Mechanical 
Engineering, University of Aveiro, Aveiro, Portugal 


ABSTRACT 


One of the key challenges in materials science research is the 
synthesis of ceramic materials with the desired phase purity, morphology, 
particle size and expected properties for defined applications, while 
controlling cost. The selection of the synthesis method is vital to regulate 
the composition, structure, and morphology of a preferred material. 
Ceramic oxide materials are typically prepared by solid-state reactions, 
for example simple mechanical mixing of ceramic oxide powders, or by 
precipitation from solution and following decomposition. Nonetheless, 
the solid-state route can often lead to the appearance of non-homogeneity 
in the final products and low phase purity that can deteriorate the desired 
properties. 

A novel nitrate-free acetate-H,0, combustion synthesis method has 
recently been developed that has been demonstrated for the successful 
preparation of Ni-BaZrossYo15Os.5 cermet anodes and Ba(Ce,Zr, Y)Os.; 


* Corresponding author: Duncan P. Fagg. E-mail: duncan@ua.pt; Fax: +351-234-370953; Tel.: 
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electrolytes for Proton Ceramic fuel cell (PCFC) applications. Metal 
acetates (M-(OCOCH;)x yH2O) and 30% H;O; are employed as starting 
precursors for this combustion reaction, using microwave heating. The 
new route contrasts dramatically to traditional nitrate-based combustion 
processes in that the metal precursors now constitute the fuel rather than 
the oxidant in the combustion reaction. Another significant distinction of 
the novel route is that the acetate precursor solution is neutral in contrast 
to typical nitrate-based combustion routes that involve acidic solutions. 
This factor has been shown to be highly important for the successful 
preparation of cermet anodes such as Ni-BaZrossYo,5Os.4 that contain 
alkaline earth metals. The novel combustion route produces powders with 
a fine crystallite size in the nanometric scale. The presence of an 
intermediate peroxy (-OOH) bond has been identified and is suggested to 
aid the combustion reaction by harnessing the required oxidant in the 
form of labile peroxide complexes. This soft chemical method offers 
homogeneous distribution and stabilization of the metal ions in the 
solution state and can be applied for the formation of further multi- 
element ceramic oxide materials, offering economical advantages over 
more classical nitrate-based combustion routes, as well as significant 
environmental benefits due to the avoidance of releasing NO, gases. 


Keywords: Combustion, ceramic oxides, proton ceramic fuel cells 


1. INTRODUCTION 


Combustion synthesis (CS) is an intriguing approach to produce a 
comprehensive range of advanced materials including powders of ceramic 
oxides, intermetallics, metal alloys and composite materials that can be 
applicable in solid oxide fuel cells (SOFC), high temperature semi conductors, 
gas sensors, aerospace and turbine blade materials, hydrogen storage and 
catalytic reactions [1]. The combustion technique was discovered by 
Merzhanov and Borovinskaya in 1972 (in the beginning of 1970's) in the 
former Soviet Union and the progress of this technique has shown its 
uniqueness in terms of the production of novel materials with desired 
properties. Combustion is a type of reaction that occurs between a fuel and an 
oxidant by the production of a massive amount of heat (exothermic reaction, 
AH = -ve). These types of combustion reactions can associate metals and non- 
metals to produce a wide variety of novel advanced materials for specific 
application with unique properties. Combustion is also known as self- 
propagating high temperature synthesis (SHS) [2]. The well known commonly 
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used oxidants are water soluble metal nitrates, while the most usual fuels are 
glycine, urea and hydrazine related compounds. The stoichiometric ratio of the 
precursors are vital in the combustion process [3, 4]. The appropriate amount 
of fuel and oxidant can be calculated according to propellant chemistry [5, 6]. 

All solution combustion reactions are redox type reactions involving 
concurrent oxidation i.e. addition of oxygen or electronegative element (non- 
metal) and a reduction processes i.e. addition of hydrogen or electropositive 
element (metal). The combustion occurs in the gas-phase (flame type), solid- 
gas and explosive type of reaction. In fact, the combustion reaction can occur 
either in a linear or volume combustion manner. Linear combustion occurs 
slowly by burning the gel from top to bottom and requires a longer time to 
ignite whereas voluminous combustion occurs by burning the whole reaction 
mixture with a flame. A self propagating combustion reaction should evolve 
more heat than the heat required for initiating the combustion [7]. The 
combustion technique has been explored to use in materials science firstly by 
Merzhanov and then further improved by KC Patil and ST Aruna. The most 
widely used combustion reactions in materials science are the traditional 
nitrate-glycine or urea combustion syntheses [8]. However the nitrate 
precursors, used in these processes are harmful to the environment, releasing 
copious amount of NO, gases. This factor led the current authors to introduce 
a new type of combustion reaction that is nitrate-free and more environmental 
friendly, by considering metal acetate as the fuel and 30% H2O> as the oxidant. 
The new nitrate-free combustion route is very rapid, cost effective, self- 
propagating, and environmental friendly, while its importance and flexibility 
has already been demonstrated in ceramic material production for fuel cell 
applications [9, 10]. 


2. NOVEL NITRATE-FREE ACETATE-H5;O; 
COMBUSTION SYNTHESIS 


Nowadays, numerous synthesis routes are available in research for the 
synthesis of ceramic oxide materials. Some examples include solid-state, 
glycine-nitrate combustion, sol-gel and pechini methods etc. [11—14]. Each of 
the aforementioned methods has their own advantages and disadvantages. 
Despite its simplicity, several researchers have reported that the solid state 
route often requires multiple grinding and annealing steps to obtain pure 
ceramic phases, commonly leading to inhomogeneities in the final materials. 
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For this reason, the solid state synthesis is not suggestible for the synthesis 
of pure ceramic oxides, especially when these materials are highly refractory. 
In contrast, solution-based soft chemical synthesis processes show some 
advantages, such as offering a higher degree of homogeneity by the uniform 
mixing of each component at the atomic-level. In addition, the oxidation state 
of the metal cations can be stabilized in the solution state. Nonetheless, all the 
available soft chemical synthesis routes, glycine-nitrate combustion, sol-gel, 
pechini etc., conventionally require metal nitrate precursors leading to the 
production of polluting NO, gases. An additional drawback is that many of 
these solution-based synthesis routes often require expensive chemical 
precursors. 

For this reason a novel acetate HO: combustion route has been developed 
to synthesize homogenous ceramic oxide materials from low cost acetate 
precursors and without harmful NOx emissions. As such, the new combustion 
route is suggested as an attractive alternative to potentially replace typical 
nitrate-based combustion for the synthesis of numerous ceramic oxide 
materials. A major difference between the traditional glycine-nitrate and the 
novel acetate-H;O» combustion route is that the metallic precursors represent 
the fuel in the new process (metal acetates), whereas they represent the oxidant 
(metal nitrates) in traditional nitrate-based combustion processes. 

Additionally, an important advantage of the new acetate-H5O» combustion 
is that the pH of solution formed by acetate-H5;O» precursors is neutral and, 
therefore, does not require the addition of any further base to increase the pH 
of the solution. In contrast, the nitrate-glycine combustion process forms metal 
chelates with the corresponding metal cations with amino and carboxylic 
group present in glycine, forming an acidic resultant solution [8]. 

Consequently, in the traditional nitrate-glycine process additional amounts 
of base (NH4OH) are commonly added, to attempt to counter this factor and 
increase the pH of the final solution. Unfortunately, these additions have the 
negative consequence of further increasing undesired NOx emissions. 
Stoichiometric amounts of the metal acetates (fuel) and 30 % H20, (oxidant) 
are calculated according to propellant chemistry, expressed in equation 1 as. 


YX(Valency of element in fuel)x(Stoichiometry) 


pe = 


E (-1)X(Valency of element in oxidant)x(Stoichiometry) a) 

The propellant chemistry, therefore, indicates the fuel/oxidant molar ratio 
(F/O) required for a stoichiometric mixture (De = 1) by summing the product 
of the combustion valency of each element and their stoichiometry in the fuel 
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component(s) and dividing by the equivalent sum for the oxidizer 
component(s). According to the combustion valencies, oxygen (O, -2) is an 
oxidizing element; carbon (C, +4), hydrogen (H, +1), and all metal cations are 
reducing elements and nitrogen (N, 0) is neutral element [1, 5]. Thus, in the 
novel combustion process, H202, with an overall combustion valence of -2, is 
an oxidant for the combustion reaction, whereas the metal acetates, which 
have overall positive combustion valences, correspond to fuels (e.g. Ni 
(OCOCH5) with an overall combustion valence of 16). 

Thus, the novel acetate-H.O combustion route is in distinct contrast to 
traditional nitrate-based combustion reactions in which the metal nitrates 
correspond to the oxidant, with negative overall combustion valences, and 
glycine or urea etc., with positive combustion valences, correspond to the 
fuels. The progression of combustion reaction depends on its fuel to oxidant 
ratio, where De =1, is considered as stoichiometric, Me 71 is fuel rich and de 
<1 is fuel lean. 

In the acetate HO: combustion process described below the precursor 
gels were subjected to microwave heating, with constant rotation, in a 
domestic 2.45 GHz, 800W microwave oven and set at the maximum power. 
The microwave assisted combustion technique has previously been suggested 
to offer a homogenous reaction throughout the whole volume of the gel, in 
contrast with simple hot-plate reactions that typically initiate combustion at the 
base of the gel in contact with the hotplate [4, 15]. 


2.1. Synthesis of Multi Element Ceramic Oxides 


To demonstrate the new, simple and environmentally friendly acetate- 
H20, combustion synthesis route for the synthesis of multi-element ceramic 
oxide materials, it has been applied for the preparation of Ba(Ce,Zr, Y)Os.s 
proton ceramic fuel cell electrolyte membranes. Ba(CH3COO); (>99.9% pure, 
Sigma Aldrich), Zr(IV) (CH3COO), (OH), (99.9% pure, Sigma Aldrich), Ce 
(CH3COO), .1.5H50 (99.9% pure, Alfa Aesar), Y(CH3COO); .4H2O (99.9% 
pure, Alfa Aesar) and 30% H,O, (Riedelde Haen, 30% by weight) were used 
as starting materials for the combustion synthesis, Figure 1. Stoichiometric 
amounts of the metal acetates were dissolved in distilled water with constant 
stirring at 25 °C to obtain a clear, transparent solution. To the solution 30 96 
H20, was added slowly to achieve a fuel to oxidant ratio of unity as per the 
propellant chemistry, eq.1. An orange-brown color solution with bubbles was 
Observed for cerium containing compositions as shown in Figure 2. 
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SS H 
ll Heat at 80 *C 


Microwave heating (maximum 
power) 


Figure 1. A schematic representation of acetate-H,O, combustion synthesis for BCZY 
ceramic oxides. 


The solution was heated on a hot plate at 80 ?C with constant stirring to 
form a viscous gel. During heating the orange-brown color converts to pale 
yellow. The gel is then subjected to microwave heating, under rotation, in a 
domestic 2.45 GHz, 800W microwave oven set at the maximum power. 

After few minutes, the dried gel burnt with a flame in a self-propagating 
combustion manner, releasing plentiful fumes, to form a black powder (for 
cerium containing compounds). The combustion powder was calcined at 1100 
°C for 6h in order to obtain the pure perovskite phase. The progression of the 
new acetate-H5O» combustion route is summarized in Figure 2. 


2.1.1. The Mechanism of Acetate-H;O; Combustion Synthesis and the 
Role of (H202) 

Generally, H2O serves as an oxidizing agent with the tendency to raise 
the oxidation state of the precursors in any chemical reaction. It also can offer 
some interesting additional effects on the mechanisms of reaction and the 
morphology of the resultant products. 
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BaCej s ët, Yo zs f 
nanopowder 


After Combustion i 


Figure 2. Progression of nitrate free acetate-H5;O» combustion reaction. 


For example, the creation of nanocrystallites has often been shown to be 
promoted during the crystallization process, by the presence of intermediate 
peroxo (M-O-O-M) ligands that prevent the formation of compact M-O-M 
networks [16-18]. 

Profiting from these features, several researchers have successfully used 
H20, in the preparation of nanoscale ceramic materials such as Ce: [16], 
tetragonal crystalline ZrO, [17] and doped ceria, CeosSmo?O(5. [18]. The 
role of hydrogen peroxide in the new acetate-H;O; combustion synthesis of 
BCZY powders is principally that of an oxidant in the propellant chemistry. 
However, additional mechanistic information may be provided by comparison 
of colour changes to literature data on H20, preparations of ceria-containing 
materials. The observance of an orange precipitate in the precursor solution is 
commonly stated to be characteristic of Ce (+4) hydroxyl peroxo species, 
Figure 2, while the yellow colour of the gel is typically suggested to be 
characteristic of the presence of CeO, [16]. 

These observations would suggest that the presence of HO: in these 
precursor solutions is leading to a twofold action, 1) to oxidize Ce? to the 
more easily hydrolysable Ce“ oxidation state 
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Ce** + H50; + 2H* (aq.) > Ce^ + 2H;0 (2) 


and ii) to form labile peroxide complexes that aid reaction in comparison to 
simple hydroxide precursors. One should note that both these mechanisms 
involve the storage of oxygen that could be subsequently liberated during the 
combustion reaction. For this reason, the presence of peroxide complexes has 
been investigated in the novel acetate-H?O; combustion process using Fourier 
transform infrared spectroscopy (FT-IR). The presence of hydroperoxyl ligand 
—OOH in the precursor gel of BaCeo4Zro4Yo5Os.s is unequivocally revealed 
by the stretching vibration observed at nearly 1400 cm” (represented, in Figure 
3 by dotted line and arrow), thereby, confirming the participation of peroxide 
complexes in the acetate HO: combustion mechanism. The weak intensity of 
the -OOH band is probably associated with aforementioned lability of this 
bond. In this respect, note that Pappeccena et al. had used H203 in the co- 
precipitation synthesis of CeogSmo2019-x, however, these authors failed to 
identify the -OOH peak due to its short lifetime [18]. After combustion, the — 
OOH peak is shown to be absent and only the —OH stretching vibration at 
3400 cm’! and the -C-O stretching vibration at nearly 1450 cm can be 
identified, Figure 3 [10]. The presence of the —C-O can be related to the 
formation of some BaCO; during combustion. 


Before combustion 


After combustion H,O- 


Transmittance (a.u.) 


4000 3500 3000 2500 2000 1500 1000 500 


Wavenumber (cm!) 


Figure 3. FT-IR spectra of BCZY44 powder before and after combustion. 
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Thus, it appears that the presence of H20% in these precursor solutions 
may store oxygen both in the form of labile peroxide complexes and also by 
oxidation of cerium (III) to the cerium (IV) oxidation state. Both these 
phenomenon are, therefore, typical effects that are expected on addition of 
H20; to such precursor solutions. Upon combustion, this stored oxygen would 
be liberated and is suggested to provide the required oxidant for the acetate- 
H20; combustion reaction. 


2.1.2. Characterization of BCZY Ceramic Oxides 

X-ray diffraction analysis (XRD) confirms the pure perovskite phase 
formation of BaCeos,;Zr,Yo;Osas (BCZY) ceramic oxide powders from 
acetate-H2O2 combustion synthesis, calcined at 1250 °C, Figure 4. 

For the comparison, a traditional glycine/nitrate synthesis, performed at a 
fuel/oxidant ratio of unity with an identical microwave assisted combustion 
technique as described for the acetate process, also succeeded to achieve the 
formation of pure perovskite phases, Figure 5. 


`. Perovskite 


Normalized Intensity (a.u.) 


20 30 40 50 60 70 80 
2-Theta (degree) 


Figure 4. XRD patterns of BaCes_,Zr,Y 0203.3 (BCZY) (x = 0, 0.1, 0.4, 0.6 and 0.8) 
powders calcined at 1250 ?C. 
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Figure 5. XRD patterns of BZY8 synthesized by both new acetate-H5;O; and nitrate- 
glycine combustion powder calcined at 1400 °C. 


This highlights the potential for the direct replacement of the typical 
nitrate-based combustion techniques by the more environmentally friendly 
acetate- HO: technique. It should be also noted that both these microwave 
combustion synthesis show higher levels of phase purity than previously 
reported in the literature for similar compositions [19]. This is thought to be 
attributable to the microwave technique used in the current process, which has 
previously been shown to be beneficial for combustion reactions due to 
providing a homogenous reaction throughout the whole volume of the gel. In 
contrast simple hot-plate reactions typically initiate the combustion reaction at 
the base of the gel in contact with the hotplate, with combustion subsequently 
propagating from this ignition point [4, 15]. All BaCeos Zr. Yo2Os.5 (BCZY) 
compositions show distinct peak shifts for the perovskite phase in the XRD 
results with changing composition, Figure 4, in agreement with the larger ionic 
size of Ce than Zr. The lattice volumes of materials prepared by the novel 
acetate-H;O; combustion process and previous literature data of materials 
prepared by a sol gel method were shown to be comparable, highlighting the 
accuracy and effectiveness of the new combustion method in the formation of 
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stoichiometrically accurate quaternary oxides [10]. The morphology of as 
synthesized and calcined BaZrosYo2;Osa ceramic powders was observed by 
Scanning Electron Microscopy (SEM), Figure 6. After combustion, the 
morphology of the powders presents very small crystallite sizes in the 
nanometric range that are agglomerated into micron-sized particles. 

The average crystallite size of as synthesized and calcined powders (1250? 
C), were in the range of 10-20 nm and 30-60 nm, respectively, as determined 
by using the Scherrer formula; values that are comparable to those reported for 
identical materials formed by the traditional nitrate-glycine combustion 
process. On sintering at 1500 ?C, the micrographs of BCZY80, BCZY71 and 
BCZY44 pellets appear to be fully dense whereas BCZY26 and BCZYOS are 
significantly less dense, Figure 7. 

The proton conductivity of BaCeo s. Zr, Yo203-3 electrolytes was shown to 
correspond to literature data [10]. Thus, this new synthesis route appears to 
offer materials of comparable morphology, phase purity and electrical 
performance to that obtainable by more traditional nitrate-combustion routes, 
while utilizing cheaper acetate metal precursors and liberating no harmful NO, 
gases. Thus, the novel acetate-H2O2 combustion route can be recommended 
for the preparation of many other ceramic oxide materials, offering an 
alternative to potentially replace classical nitrate-based processes. 


Figure 6. (Continued) 
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Figure 6. Scanning Electron Micrographs of (a) as synthesized and (b) calcined at 1100 
°C BCZY08 nanopowder. 


Figure 7. Scanning Electron Micrographs of surface of BCZY pellets sintered at 1500 
°C for 8 h. 
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2.2. Synthesis of Ni-BZY Cermet Anode Materials 


The nitrate free acetate-H»O. microwave induced combustion route can 
also be demonstrated for the synthesis of Ni-BaZrossYoi1sOs.s (Ni-BZY) 
cermet anodes for proton ceramic fuel cells (PCFCs). 

In this work BaZrossYoisOsas nanopowder was pre-prepared by 
mechanosynthesis using a planetary ball mill (Retsch PM200) with constant 
planetary rotation of 650 rpm using 125 cm? tetragonal zirconia vials (Retsch) 
and balls (Tosoh Co.) as described in the literature [11]. A stoichiometric 
amount of nickel acetate (Aldrich, 99% pure) was dissolved in distilled water, 
and the pre-prepared BZY was dispersed using an ultrasonic bath. 

An appropriate amount of 30% H202 (Riedel-de Haen, 30% by weight) 
was then slowly added, fixing the fuel to oxidant ratio of Ni-acetate/H5O» to 
1:1, according to the propellant chemistry, eq.1. The solution was heated on a 
hot plate at 80 °C until a viscous gel formed as shown in Figure 8. 


Solution foamed up 


Heat at 80 °C- 


Microwave heating (maximum 


(i O 
.Combusted powder 


Figure 8. Illustration of acetate-H,O, combustion synthesis steps for cermet anode 
material preparation. 
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The viscous gel was then heated and simultaneously rotated in a domestic 
2.45 GHz, 800W microwave oven set at the maximum power, in the same way 
as the previous example. After a few minutes, the dried gel burnt with a flame 
in a self-propagating combustion manner, releasing plentiful fumes until the 
gels were completely burnt to form a black powder. 

Previously, several researchers have used one-step  nitrate-based 
combustion processes for the preparation of Ni-BZY cermet anodes [20]. 
However, the nitrate precursor based processes can partially decompose the 
BZY ceramic oxide and commonly forms impurity phases in these materials, 
such as BaY;NiOs or Y20; [9, 21-24]. Such deviations of BZY from the 
nominal stoichiometry have been shown to be significantly deplete levels of 
proton conductivity obtained in both the grain and grain boundary [25]. 

The following section highlights the benefits of this nitrate-free 
combustion method in comparison to the more common mnitrate/glycine 
combustion route usually adopted in the literature. Both methods use the same 
microwave combustion route and fuel/oxidant ratio, differing only by the 
choice of initial precursors; acetate-H2O> cf. nitrate/ glycine. The results will 
show that typical nitrate/fuel combustion routes cannot be used for Ni-phase 
dispersion in pre-prepared BZY powders, due to partial destruction of the 
perovskite phase in the acidic precursor solution. In contrast, the new nitrate- 
free, acetate-H;O; microwave-assisted combustion synthesis route will be 
shown to be a very successful method to prepare pure Ni-BaZrossYo.15Os.8 
cermet anode powders [9]. 


2.2.3. Characterization of Ni-BZY Cermet Anodes 

The X-ray diffraction analysis, Figure 9a, shows that in the case of 
acetate-H,O, combustion method, the pre-prepared BZY phase is shown to be 
stable in the precursor gel. In contrast, the pre-prepared BZY phase is shown 
to be partially decomposed in the common nitrate/glycine precursor gel, as 
revealed by a decrease of the perovskite peak intensity and formation of 
Ba(NO5), Figure 9b. One should note that acidity of the precursor gel is 
different in each case. In the traditional nitrate-glycine route the precursor gel 
is acidic, whereas in the new acetate-H2O2 combustion route the precursor gel 
is neutral. It is this factor that appears to be the cause of the degradation of the 
pre-prepared BZY phase in the nitrate-glycine case. The acetate-H5;O» route 
avoids such degradation by providing a neutral medium for powder dispersion. 
After combustion, both the acetate-H5;O» and nitrate/glycine processes show 
the presence of the perovskite phase, NiO and small amounts of Ni-metal due 
to the high heats of reaction, Figures 9a, 9b. Nonetheless, in the nitrate/glycine 
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route, a significant amount of BaCO; can also be observed in the XRD pattern, 
Figure 9b, which is attributed to carbonation of the Ba(NO3), that was present 
in the precursor gel. In contrast, the acetate-H;O; combustion method 
continues to successfully avoid BZY phase decomposition [9]. 

Figure 10 provides the XRD patterns of powders prepared by both the 
acetate-H,O, and nitrate combustion method after calcination at 1400 °C for 
5h in air and reduction in 10% HAN: at 700 °C for 10 hrs. The powders 
prepared by acetate-H,O 2 combustion method exhibit only two phases, that of 
the perovskite (BZY) and Ni metal. In contrast, the XRD patterns of powders 
prepared by the conventional nitrate method, calcined at the same temperature, 
reveal an impurity phase of BaY;NiOs (PDF 00-041-0463) in addition to the 
perovskite and Ni phases, Figure 10. 


(a) After Combustion — Nitrate combustion 
— Acetate combustion 


vV—BZY &— Ni 
A—— NiO v— BaCO, 


Intensity (a.u.) 


a — Ba(NO,), 


A 
V aY 


20 30 40 50 60 70 80 
2-Theta (degree) 


Figure 9. (a) XRD patterns of NiO-BZY cermet anodes (a) after and (b) before 
combustion by acetate/H,O, and nitrate/glycine combustion method. 
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Thus, in the nitrate-based case, the removal of Ba from the perovskite 
phase and formation of Ba(NO3); suffered in the initial precursor solution, has 
subsequently led to the presence of BaY2NiOs in the final product. As 
significant Ba-deficiency in the perovskite material is typically shown to be 
accompanied by loss of Y20; [25], all the elements required to form the 
BaY-NiO; phase (Y203, BaCO; and NiO) are likely to be available in the 
nitrate/glycine combusted powder. In contrast, the BZY phase was preserved 
in the acetate-H?O» combustion gel and, consequently, no BaY2NiOs impurity 
phase was observed, Figure 10. To underscore this fact, BZY powder was 
mixed with NiO manually in a pestle and mortar, fired at 1400 ?C for 5hrs and 
reduced under the same conditions [9]. No reaction of BZY and NiO was 
observed, supporting the conclusion that the degradation of the BZY phase is 
the source of the final Bay NO: impurity in this material and that the origin 
of this degradation occurs right at the onset of the reaction due to the acidic 
nature of the nitrate-glycine combustion precursor gel. 


v — BZY 
& — Ni 
e — BaY,NiO; 


€ — BaY,NiO, 


Intensity (a.u.) 


Nitrate/Glycine combustion 


20 30 40 50 60 70 80 
2-Theta (degree) 


Figure 10. XRD patterns for Ni-BZY composite powders (reduced in 10% HAN, at 
700 °C for 10h, prepared by both nitrate-glycine and acetate-H,O, combustion 
method). 
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The BZY lattice parameter* of the nitrate/glycine prepared material, 
4.2067(1)À, is significantly lower than that formed by the novel nitrate-free 
process and the base BZY material, 4.2107(2)A and 4.2129(3) A, respectively, 
an indication of superior retention of the desired stoichiometry in acetate-H,O 
combustion process (*as determined by Reitveld refinement analysis using 
Fullprof program, employing Ni metal as internal standard) [9]. 

The morphology of as synthesized 40 vol% NiO-BZY powder produced 
from the acetate-H,O2 combustion method was observed by Scanning electron 
microscopy, Figure 11. A complete homogeneous distribution of nanoscale 
NiO and BZY particles was observed, which was further confirmed by SEM- 
EDS elemental analysis. The microstructure of NiO-BZY anode pellets before 
reduction is shown in Figure 12a. 

Large and small grains correspond to NiO and BZY respectively and 
suitable percolation pathways appear to exist throughout the NiO and BZY 
phases. Figure 12b shows the microstructure of the anode after reduction at 
700 °C for 6h in a 10% HAN: atmosphere, while Figure 12c highlights the fact 
that there are no significant differences in microstructure of Ni-BZY prepared 
by the acetate-H?O» combustion or the traditional nitrate methods. 


SU-70 15.0kV 16.0mm x45.0k SE(M) ` ' 400um 


Figure 11. SEM micrograph of as synthesized NiO-BZY anode powder by the acetate- 
H,O, combustion route. 
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Figure 12. SEM micrographs of 40 vol% Ni-BZY anode pellets formed by the acetate- 
H,O, combustion route (a) before and (b) after reduction compared to that of (c) the 
traditional nitrate method after reduction. 
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Clear percolation pathways for Ni and BZY grains are maintained after 
reduction, Figures 12b,c and this is further highlighted by Figure 13, which 
provides SEM-EDS elemental mapping of the formed Ni-BZY anode. The 
importance of phase purity in Ni-BZY anodes were studied by electrochemical 
impedance spectroscopy for proton ceramic fuel cell applications. The results 
demonstrates that anode formed by acetate-H,O, combustion method has 
superior polarisation behavior, with the anode formed by nitrate route showing 
the higher polarisation resistance [9]. 
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Figure 13. SEM-EDS elemental analysis of Ni-BZY anode pellets formed by the 
acetate-H,O, combustion route. 
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3. SIGNIFICANT FEATURES OF ACETATE-H;O; 
COMBUSTION REACTION 


This chapter has provided some examples of the new acetate-H,O, 
combustion method for the preparation of both multi component ceramic 
oxides and for the dispersion of metallic phases in cermet materials. These 
demonstrations have exhibited several advantages of the new acetate-H;O» 
route over that of traditional nitrate-based combustion synthesis processes in 
the literature. These advantages include 


i Reduced cost due to cheaper acetate precursors. 

ii Effective and environmental friendly process with no NO, emissions. 

ii The formation of a neutral precursor solution, without the need for 
addition of extra base. This once again avoids NOx emissions and in 
the case of formation of Ba-containing cermet materials was also 
shown to be obligatory to obtain phase purity. 


Moreover, the new acetate route can mirror the traditional advantages 
provided by nitrate-based combustion routes. 


i  Metalions oxidation state can be stabilized in solution state 
ii Homogeneous mixing of reactants 

ii Rapid synthesis process 

iv Ability to produce pure ceramic oxide powders 

v The preparation of nanocrystallites 


It can be concluded, therefore, that the novel acetate-H;O» process offers 
very attractive alternative that can potentially replace classical nitrate-based 
processes, and is strongly recommended for the preparation of many other 
ceramic oxide materials in the future. 
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ABSTRACT 


The development of advanced catalyst synthesis methods to meet the 
stringent environmental regulations in the production of ultraclean 
transportation fuels represents a major challenge for catalyst suppliers. In 
this chapter, the positive impact of solution combustion synthesis (SCS)- 
based preparation approach in the synthesis of alumina-supported NiMoP 
and NiMoW hydrotreating catalysts has been examined. The results show 
that the use of urea as fuel can tune the metal oxide-support interaction, 
altering the distribution of Mo-oxo species onto alumina support. 
Furthermore, the hydrodesulphurisation (HDS) activity of alumina- 
supported NiMoP sulphide catalysts achieved a maximum at ® ratios 
between 0.6 and 1.2. This maximum HDS activity is attributed to a higher 
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surface density of polymolybdate relative to molybdate species in the 
catalyst precursor and the effective interaction of nickel with the edges of 
MoS), that facilitates the formation of NiMoS structure. On the other 
hand, the sequential deposition of NiMo-urea solution on metal oxide- 
modified alumina surface produces a reduction of the catalyst bed 
temperature rate and an increase of the decomposition period of the redox 
mixture. The addition of Ni and Mo to WO,-modified alumina assists the 
segregation of MoO, and WO, species on the alumina surface and 
promotes their reducibility. Furthermore, the NiMoW catalyst prepared 
by impregnation-solution based combustion method showed higher 
hydrotreating activity than a commercial NiMo catalyst. 


1. INTRODUCTION 


1.1. Hydrotreating (HDT) Process in the Crude Oil Refinery 


Oil refining is a mature industry whose development has been closely 
linked to the use of catalytic processes. A refinery employs different physical 
and chemical processes such as distillation, extraction, reforming, 
hydrogenation, cracking and blending to separate and then convert the crude 
oil fractions to higher value products [1]. 
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Figure I. Diagram of a typical crude oil refinery. (Note that FFC was changed for 
FCO). 
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A simplified schematic diagram of a typical petroleum refinery is 
illustrated in Figure I [2], highlighting the processes involved in making liquid 
transportation fuels, in which heterogeneous catalysts play a key role. 

Crude oil into the refinery is first is distilled to separate into various 
fractions such as gases, liquid (naphtha, kerosene and gas oil) and the heavy 
residue that remains after vacuum distillation. The gaseous fraction, together 
with the by-products of cracking process, are sold as liquefied petroleum gas 
(LPG) in containers for camping or domestic use, or in some countries as 
transportation fuel. 

All fractions other than LPG are upgraded in subsequent processes. The 
lighter liquid petroleum fraction in the gasoline boiling range is called naphtha 
(boiling range 40 - 180 °C); this can be processed in several ways, including 
isomerization, hydrotreating and/or reforming, these catalytic processes 
involve metal based or bifunctional metal/acid catalysts. The distillate fraction 
Oe, kerosene, boiling range 180 - 230 °C, and gas oil, boiling range 230 - 360 
°C) which boils in the range needed for making diesel and jet fuel, is typically 
hydrotreated to remove heteroatoms such as sulfur and nitrogen or in some 
cases hydrocracked to both remove heteroatoms and to crack some of the 
distillate into gasoline [3]. 

The next boiling fraction is vacuum gas oil (VGO) (boiling range 360 - 
530 °C), which is often sent directly to a fluid catalytic cracker (FCC), 
however, hydrotreating of the VGO fraction prior to FCC is becoming more 
and more common, or hydrocracked to eliminate heteroatoms and to crack 
some of the distillate into diesel. 

The vacuum residue fraction typically contains the highest concentrations 
of heteroatoms and significant amounts of highly aromatics and polar 
molecules that readily poison catalysts. Thus, the heaviest residue fraction is 
most often converted via non-catalytic thermal process known as coking which 
generates lighter liquid stream and a solid coke by-product. Different 
components of vacuum residue can be recovered by solvent extraction. 
However, catalytic processes relying on solid catalysts and high hydrogen 
pressure are sometimes used to convert the residue to lighter products with low 
sulphur content. 

The most important processes and the catalysts normally employed in the 
crude oil refining to make liquid transportation fuels are summarized in Table 
1 [2]. 

Note that alumina-supported Co- and/or Ni-promoted Mo and W catalysts 
play an important role in various refinery processes employed for the 
production of fuels. 
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Table 1. Major refinery processes for fuel production using solid catalysts 


Catalytic process Goal of the process Catalyst formulation 

Hydrotreating Removal of hetereoatoms (S, N and O) and Co (or Ni)-MoS;//AbO;, 

(HDT) hydrogention of poly-armatics to produce fuels Ni-WS/ALO; 
Transformation of naphtha into high quality gasoline 


Pt-Re/ALO.,, Pt- 


Reforming generating hydrogen as by-product, which is then AL, 


employed in the hydrogen-requiring processes 

Upgrading of vacuum gas oil into transportation fuel Ni-Mo, Ni-W, Pr-Pd, 
with hydrogen in a combination of hydrotreating and acidic supports 
cracking reactions using by-functional catalysts. (alumina, zeolites) 


Hydrocracking 
(HC) 


Fluidized catalytic Upgrading of vacuum gas oil into transportation Zeolite Y 
cracking (FCC) fuels using acidic catalysts. 

Transformation of residue using hydrogen into low- 
sulfur fuel oil, transportation fuel and feedstock for 


FCC and hydrocracking. 


Residue 
Hydroconversion 


Thermal and catalytic 
processes 


1.2. Solution Combustion Synthesis (SCS) Method for Preparing 
Hydrotreating Catalysts 


Nowadays, the hydrotreating (HDT) reactions play a major role not only 
on the reduction of environmental pollution but also on the upgrading process 
of low grade feedstock, in which a number of variables such as catalyst 
formulation, operation conditions and feed quality (i.e., concentrations and 
type of aromatics, S- and N-containing compounds, their reactivity, inhibition 
effects, etc) need to be considered to produce ultraclean transportation fuel [4]. 
The preparation of hydrotreating catalysts is normally carried out by dry or 
wet impregnation, in which an aqueous solution containing Ni (or Co) 
promoter and Mo (or W) is deposited onto the y-Al203 or SiO2-Al20; support 
with appropriate textural properties, suitable mechanical strength and 
geometrical shape. After the calcination process, the catalyst oxide precursor is 
then presulfiding to convert into the Ni (or Co)-Mo (or W) sulphide [5]. 

Alternative catalyst preparation methods (e.g., STARS technology) and 
catalyst formulation (e.g., NEBULA catalyst) have significantly enhanced the 
HDT catalyst performance [6]. With reference to novel preparation methods, a 
self-propagating high temperature synthesis (SHS), called solution combustion 
synthesis (SCS) consists of using a saturated aqueous solution of the desired 
metal salts (nitrates are generally preferred because of their oxidizing property 
and high solubility in water) and a suitable organic fuel as reducing agent (e.g., 
urea, carbohydrazide, maleic hydrazide, etc.) [7, 8]. The redox mixture is 
ignited and eventually combusts in a self-sustaining and fast combustion 
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reaction, resulting, usually, in a nanocrystalline oxide material [8, 9]. We have 
previously showed that urea-matrix combustion method can produce active 
alumina-supported CoMo, NiMo and NiW catalysts [10] for the 
hydrodesulphurisation (HDS) of thiophene and also mixed-metal oxides [i.e., 
Co(Ni,Mg)MoO,] well-dispersed on alumina surface [11]. Furthermore, this 
preparation method was employed for synthesizing CoMo catalysts to assess 
not only the effect of different supports (i.e, Als, MgO and MgO- 
MgALO);) [12], but also the influence of the preparation method [13] over the 
HDS reaction of various model feedstocks. It should be remarking that all 
theses catalysts were prepared by SCS method under uncontrolled condition of 
thermal treatment [14]. The objective of this chapter is to gain insight into the 
effect of the urea/Ni ratio in the HDS activity of alumina-supported NiMoP 
sulphide catalysts synthesised by impregnation solution-based combustion 
method under controlled condition of thermal treatment. The optimal urea/Ni 
ratio to obtain a maximum HDS activity was then used for preparing the 
alumina-supported NiMoW sulphide catalyst, whose hydrodesulphurisation 
(HDS), hydrodenitrogenation (HDN) and hydrodearomatisation (HDA) 
activities were compared to a commercial alumina-supported NiMo sulphide 
catalyst to find out the capability of this controlled combustion process to 
produce active hydrotreating catalysts. 


2. SYNTHESIS, EVALUATION AND CHARACTERIZATION 
OF THE SOLID CATALYSTS 


2.1. Preparation and Catalyst Performance Test 


An example to illustrate the calculation of fuel/oxidizer ratio (®) using 
nickel nitrate as the oxidizer and urea as the fuel for the synthesis of nickel 
oxide is given below. It is assumed that H2O, CO» and Na are the gaseous 
products formed in the combustion reaction. The eqn. 1 is the overall 
combustion reaction. 


Ni(NO3)7.6H 0 + Čoconm DES Ge — Us —>NiO+ Zo +6)H20 + Geo + Go +DN2 


(1) 


The optimal stoichiometric composition of the redox mixture is obtained 
when no molecular oxygen is required (e,  — 1). When © is below unit (® 
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< 1) the redox mixture is under fuel-lean regime and molecular oxygen is 
produced. On the other hand, when ® > 1 the redox mixture is under fuel-rich 
condition, requiring molecular oxygen to fully covert the fuel. 

The alumina-supported NiMoP oxide catalyst precursors were prepared by 
impregnation solution-based combustion using urea as fuel. Initially, alumina- 
based trilobe extrudates (i.e., 1.5 mm of diameter, 5-10 mm of length and 250 
mei were impregnated with 10 % H5O» solution containing urea (Acros 
Organics, 98 %), nickel (II) nitrate hexahydrate (Acros Organics, 99 %), 
ammonium molybdate (VI) tetrahydrate (Acros Organics) and phosphoric acid 
(Aldrich , 85 % in water) to obtain a loading of 5 wt. % NiO, 23 wt. % Moi: 
and 1 wt. % P2Os. Four formulations were prepared with various urea/Ni ratios 
(®) Ge, 0; 0.3; 0.6 and 1.2). Then, the impregnated solid was dried at 100 °C 
and calcined up to 300 °C for 5 h under flowing air. 

The alumina-supported NiMoW oxide catalyst precursor was also 
prepared by impregnation solution-based combustion using urea as fuel. The 
y-Al,O3 extrudate support was initially impregnated with an aqueous solution 
of ammonium  metatungstate hydrate (Aldrich) by incipient wetness 
impregnation (IWI). The incipient wetness solid was dried at 100 °C and 
calcined at 300 °C for 5 h. Subsequently, the WO,-Al,O3 sample was 
impregnated with an aqueous solution containing nickel (II) nitrate 
hexahydrate, ammonium molybdate (VI) tetrahydrate and urea (Ge, ® = 0.60) 
by sequential impregnation steps. After each IWI step, the wet solid sample 
was dried at 100 °C and calcined at 300 °C for 5 h. A final loading of 9 wt. 96 
NiO, 15 wt. % MoO; and 20 wt. % WO; was deposited on alumina. 

Finally, the alumina-supported metal oxide catalyst precursors were- 
presulphided at liquid hour space velocity (LHSV) of 2.4 h; Ho) volume 
ratio of 300 N m/m? and 3.0 MPa of hydrogen using middle distillate spiked 
with dimethyl disulfide to total sulphur content of 4 wt. % as sulphiding agent. 
The temperature was increased at 0.5 ?C.min'! to 240 °C and kept it for 60 
min. The temperature was then further risen at 0.5 ?C.min'! to 360 °C and kept 
at 360 ?C for 8 h. After that period, the catalyst bed temperature decreased to 
220 °C under sulfiding agent and H, flow condition. Then, the hydrogen 
pressure, the flows of hydrogen and feedstock were set according to the 
required reaction condition whereas the catalyst bed was increased to reaction 
temperature at a 0.5 TC min"! heating rate. The catalysts were evaluated at each 
reaction. condition for periods between 48 and 168 h. The catalytic 
performance of Al;Os-supported NiMoP sulphide catalyst was evaluated on 
feed 1, whilst the NiMoW sulphide catalyst was assessed on feed 2 and feed 3, 
whose properties are shown in Table 2. 
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Table 2. Compositions and physical properties of various feedstocks 


Fuel Properties Feed 1 Feed 2 Feed 3 
Sulphur / pg.g" 4.180 4,250 5,900 
Nitrogen / ug.g ' 190 1000 80 
Total Aromatics / wt. % 42.0 2.0 27.2 
Density (g/cm?) 0.872 0.890 0.840 
Boiling point range (°C) 114-412 186-365 139-446 


2.1. Catalyst Characterization 


The temperature-time (T-t) profiles for the urea-containing samples were 
carried out at 0.1 MPa and 3 cm (min.g;) (.e., weight minute space 
velocity) under a flow of air on a fixed-bed reactor. Approximately 11 grams 
of dried catalyst extrudates were loaded into the reactor with a type K 
thermocouple (Omega Engineering) placed on the center of the catalysts bed 
to record the dependence of the catalyst bed temperature at seven 
measurements per minute with the increase of the time. The sample was 
initially preheated at 100 °C for 10 minutes and then the temperature was 
lineally increased up to 260-300 °C for NiMoP catalyst and ca. 320 °C for 
NiMoW catalyst using a heating rate of 1.0 *C.min '. 

The Raman spectra of the oxide precursors were recorded in a Jobin Yvon 
Labram spectrometer with a 632 nm HeNe laser, run in a back-scattered co- 
focal arrangement. The solid samples were pressed in a microscope slide; with 
a 30 s scanning time and 2 cm ' resolution. Several points of each catalyst 
surface were probed to explore homogeneity of the sample and reproducibility 
of the data. Temperature-programmed oxidation coupled to mass spectrometer 
(TPO-MS) analysis for the alumina-supported NiMoP sulphide catalysts was 
carried out on a Micromeritics AutoChem II 2920 instrument. Between 100 
and 200 mg of the solid samples was pre-treated before analysis with a 50 
em". min" N; flow rate, from room temperature up to 100 °C for 30 min. The 
sample was then cooled to room temperature and the TPO-MS profiles were 
obtained by using 20 96 O; in nitrogen (50 cm*.min’) and 10 CC min heating 
rate from room temperature up to 650 ?C. 

Temperature-programmed reduction (TPR) analysis for the oxide 
precursors was carried out on a Micromeritics AutoChem II 2920 instrument. 
Between 110 and 150 mg of the solid samples was pre-treated before analysis 
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with a 50 em mn 1 He flow rate, from room temperature up to 150 °C for 30 
min. The sample was then cooled to room temperature and the TPR profiles 
were obtained by using 10 % H; in Ar (50 em mn !) and 10 ?C.min'! heating 
rate from room temperature up to 950 °C and hold this temperature for 30 min. 
The amount of consumed H, was quantified by using a thermal conductivity 
detector whose response was calibrated with different H concentrations. 


3. RESULTS AND DISCUSSION 


3.1. Synthesis and Catalytic Performance of Alumina-Supported 
NiMoP Catalysts 


An aqueous solution containing nickel nitrate, ammonium molybdate, 
phosphoric acid and variable content of urea as suitable reducing agent was 
deposited onto Al,O3 by impregnation solution-based combustion synthesis. 
The impregnated sample was uniformly heated in the mode of controlled 
thermal treatment approach [14]. Figure II shows the temperature-time (T-t) 
profiles for the synthesis of alumina-supported 5 wt. % NiO-23 wt. % MoO3- 
lwt. % P2Os catalyst at different urea/Ni ratios (®). 


310 
290 


270 


250 


230 


Catalyst bed temperature (?C) 


210 
120 140 160 180 200 
Time (min) 


Figure II. Temperature-time profiles for alumina extrudate-supported NiMoP catalyst 
synthesised by impregnation solution-based combustion method with different urea/Ni 
ratios (®). 
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Table 3. Influence of the urea/Ni ratio over the ignition temperature, 
maximum temperature, catalyst bed temperature rate and HDS rate 
constant for AbOs-supported NiMoP sulphide catalyst. Tests conducted at 
340 °C, 5.0 MPa and 400 Nm?/m? (H;/oil ratio) 


Urea/Ni ratio (D) T ton (CC) T max (C) dT/dt (?C/min) k gps (1/g.s.wppm??)*10* 


0.0 237 258 12 33.0 
0.3 256 288 32 37.4 
0.6 266 292 46 44.1 
1.2 263 304 69 40.8 


A single exothermic peak is clearly shown, whose maximum temperature 
and ignition temperature is dependent on the fuel/oxidizer ratio. In Table 3 is 
listed the combustion parameters from the T-t profiles for NiMoP catalysts 
prepared with different ® and also the HDS rate constants. The NiMoP 
precursor without urea showed an exothermic peak at lower ignition 
temperature Oe, 237 °C) than those observed in urea-containing catalyst 
precursors Oe, 256-266 °C), owing to the dependence of the ignition 
temperature with the chemical composition of the redox mixture. The ignition 
temperature (7;,,) and the peak maximum temperature (Tmax) did not change 
markedly at ^ ratio between 0.3 and 1.2, whereas the catalyst bed temperature 
rate (dT/dt) lineally increased with urea content in the catalyst precursor. This 
trend indicates that the 7;,, and Tmax, are associated with the chemical nature of 
the redox mixture, whilst the dT/dt is strongly dependent upon the fuel content. 
On the other hand, the rise of urea/Ni ratio increased the HDS activity to 
achieve a maximum HDS rate constant at ® ratio between 0.6 and 1.2. It is 
worth remarking that the calcination temperatures between 260 and 300 °C did 
not affect the catalytic performances of y-Al,O3 supported NiMoP sulphide 
catalyst, because the catalyst bed temperature was fairly independent of the 
final calcination temperature (i.e., 202-295 ?C). 

In order to find out the chemical nature of Mo species deposited on 
alumina surface after the combustion process, laser Raman (LR) spectroscopy 
was used to characterize a series of sample prepared with different urea/Ni 
ratios (Figure III). The Raman spectrum of alumina-supported NiMoP oxide 
prepared without urea (i.e., © = 0) displayed a main band at 950 cm’ and a 
wide small peak centred at 360 cm”, attributed to the symmetric and bending 
modes of the terminal Mo=O bond of octahedrally coordinated Mo species for 
the hydrated Mo;O S anion [15], (Figure III a). A wide Raman band at 870 
cm’ is associated with the antisymmetric mode of the Mo-O-Mo bridge for 


278 | S.L. González-Cortés, S. M. Rodulfo-Baechler and F. E. Imbert 


the polymolybdate and also with the presence of molybdate (MoO,”) anion. 
Similar LR spectra showed the catalyst precursors prepared with ® ratios of 
0.6 and 1.2 (see Figures III b and c). However, the peak intensity of the main 
Raman bands at 950 and 870 cm’ varied with the fuel composition. Indeed, 
the intensity of the peak at 950 cm! compared to the peak at 870 cm! 
increased as raising the urea content from 1.20 (® = 0) to 2.21 (® = 1.2). This 
finding indicates that the abundance of the polymolybdate anion relative to the 
single molybdate on alumina surface increased with urea content in the redox 
mixture after the combustion process, tentatively attributed to the higher 
catalyst bed temperature rate. However, we cannot rule out a possible effect of 
urea on the phosphate-Ni-Mo-oxo and even phosphate-alumina interactions 
that could affect the dispersion of Ni and Mo-oxo species onto alumina 
support. Nevertheless, an optimal domain size of Mo-oxo clusters and their 
possible interaction with nickel oxide at ® ratio between 0.6 and 1.2 are 
crucial to obtain a maximum HDS activity. 

To gain further insight into the effect of urea on the HDS catalyst 
performance, the alumina supported NiMoP sulphide catalysts synthesised 
with urea (© = 0.6) and without urea (Oh = 0) were analysed by TPO-MS. 
Figure IV shows the evolution of SO; produced upon the oxidation of various 
alumina supported Ni, Mo and NiMoP sulphide catalysts. It should be 
mentioned that a similar study for commercial CoMo sulphide catalyst was 
reported elsewhere [16]. 
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Figure III. Laser Raman spectra of Al,O3-supported NiMoP catalyst precursors at 
various urea/Ni ratios. ® = 0 (a);  — 0.6 (b) and ® = 1.2 (c). 
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Figure IV. Evolution of SO, by temperature-programmed oxidation coupled to MS 
(TPO-MS) for Al;Os-supported NiS, (a), Al,O3-supported MoS, (b), Al,O3-supported 
NiMoP sulphide (® = 0) (c) and Al,O3-supported NiMoP sulphide (® = 0.6) (d). 


The TPO-MS profiles for alumina-supported Ni and Mo sulphides are 
listed as references, which were synthesized by similar procedure and 
composition that alumina-supported NiMoP sulphide catalysts. The oxidation 
of NiS, occurs into a wide range of temperature with a broad peak centred at 
225 °C and a shoulder at about 410 °C (Figures IV a), whilst the TPO-MS 
profile for alumina-supported MoS, sample shows a major peak at 270 °C and 
a shoulder at ca. 285 °C (Figure IV b). 

On the other hand, the oxidation of alumina-supported NiMoP sulphide 
prepared without urea (b = 0) shows a main peak at 285 °C characteristics of 
MoS, oxidation, the oxidation of NiS, is associated to the shoulder at 215 °C 
and a small peak at 410 °C (Figure IV c). A single major peak at 270 °C 
associated with the oxidation of NiMo sulphide is given in the TPO-MS 
profile for alumina-supported NiMoP sulphide prepared with urea (b = 0.6), 
Figure IV d. This finding clearly reveals that the use of urea upon the catalyst 
preparation controls the metal oxide-support interaction and facilitates the 
formation of NiMOS structure, which enhances the HDS catalyst performance 
(see Table 3) in agreement with previous reports [17, 18]. Indeed, a urea/Ni 
ratio between 0.6 and 1.2 improved the formation of polymolybdate relative to 
the single molybdate, which is reflected on an optimal HDS activity as a 
consequence of the effective interaction of nickel with the edges of MoS, that 
facilitates the formation of NIMOS structure. 
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3.2. Synthesis and Catalytic Performance of Alumina-Supported 
NiMoW Catalysts 


The depositions of the redox mixture of NiMo-urea (® = 0.6) on WO,- 
modified AlO; were carried out by impregnation solution-based combustion 
synthesis. The impregnated sample was uniformly heated in the mode of 
controlled thermal treatment approach [14]. The Temperature-time (T-t) 
profiles for the impregnated samples are given in Figure V. 

The first impregnation step Oe, NiMo-1) produced a clear exothermic 
peak with an ignition temperature of 272 °C and a maximum temperature of 
294 °C. The T-t profiles for the second (NiMo-2) and third (NiMo-3) 
impregnations showed ignition temperatures (ca. 272 °C) and maximum 
temperatures (i.e., 298 and 290 °C) comparable to those obtained in the T-t 
profile for the first impregnation step. However, the peak intensity 
significantly decreased for the third NiMo impregnation step. It is worth 
remarking that the Tig, was not affected by the number of impregnations, 
owing to its direct dependence with the chemical composition of the 
impregnation solution. 
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Figure V. Temperature-time profiles for WO,-ALO;-deposited NiMo-urea solutions 
synthesized by sequential co-impregnations. Inset Figure, amplification of the data 
within the time interval of 171-183 minutes. 
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Table 4. Effect of the sequential impregnations on the decomposition 
period of the metal precursor, catalyst bed temperature rate, loading 
of Ni-Mo oxides and pore volume 


Sample At dT/dt NiMo oxides/metal ^ NiMo oxides ? Reduction 
(min) (°C/min) oxides-Al;0; (g/g) (wt. %) of PV (96) 
NiMo-1 23 11.6 0.17 9.2 37.5 
NiMo-2 41 T4 0.13 7.9 14.0 
NiMo-3 65 1.6 0.11 7.0 11.6 


* Ni and Mo oxides wt. % relative to the overall catalyst composition, P Pore volume 
(PV) reduction relative to the metal oxide-support pore volume of the former 
impregnation step. 


The catalyst bed temperature rate, on the other hand, decreased from 11.6 
to 1.6 ?C.min'!, whereas increasing the number of impregnation steps as is 
given in inset Figure. An opposite trend showed the decomposition period of 
the metal oxide precursors (1.e., 23, 41 and 65 minutes), Table 4. 

The ratio of Ni and Mo oxides to metal oxides-alumina and the relative 
amount of deposited Ni and Mo oxides decreased with the number of 
impregnations because of the reduction of pore volume (PV) after each step. 
Therefore, the diminution of the dT/dt and the increase of At is associated to 
the lower content of NiMo oxides relative to the metal oxide-support (dilution 
effect) when increasing the number of impregnations, since the urea/nickel 
ratio was kept constant. It should be mentioning that the major components of 
the catalyst Oe, Al0O3, MoO; and WO») have a high molar heat capacity 
(between 79 and 73 J.K mol) but NiO has a value of 44.3 J.K mol" [19]. 
Based on those values, it is expected that the trend observed on the T-t profiles 
after the impregnation steps are not a consequence of the variations in the 
overall heat capacity. It is worth highlighting that the ignition temperature of 
the nickel nitrate-urea (i.e., 245 °C) is significantly lower than that for NiMoP- 
urea De, 256-263 °C) deposited on alumina and even NiMo-urea (ca. 272 °C) 
deposited on WO,-alumina surface as a consequence of the different 
components of the redox mixture and the support composition. 

The TPR profiles of the alumina-supported NiMo and NiMoW oxides are 
given in Figure VI. In order to compare the different reduction stages, the TPR 
profiles for alumina-supported Ni, Mo and W oxides are also included. The 
reduction profile of alumina-supported 9 wt.% NiO (Figure VI a) shows a 
well-defined hydrogen consumption peak at 305 °C and a broad band at 580 
°C, associated with the reduction processes of low crystalline nickel oxide [20] 
and surface NU" ions of a not well-defined Ni-AI spinel [21], respectively. 
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Figure VI. Temperature-programmed reduction of 9 wt. % NiO/AI,O; (a), 15 wt. 96 
MoO;/AL,O; (b), 20 wt. % WO4/ALOs (c), 9 wt. % NiO-15 wt. % MoO;/ALO; (d) and 
9 wt. % NiO-15 wt. % MoO;-20 wt. % WO;/ALO; (e). Inset Figure: Dependence of 
the reduction degree with the maximum temperature of the initial reduction peak. 


The TPR profiles of 15 wt.% MoO4ALO; sample displays defined 
reduction processes at low-temperature (TL) around 447 °C and a asymmetric 
broad peak at high-temperature (TH) at 857 ?C (Figure VI b). The 7L peak is 
normally assigned to the partial reduction of polymolybdate probably from 
Mo(VI) to Mo(IV) and the TH reduction peak is associated with the 
subsequent reduction of polymolybdate-partially reduced species and 
monomeric tetrahedrally coordinated Mo species [15]. 

In contrast, the alumina-supported 20 wt. % WO; profile (Figure VI c) 
shows a major single reduction peak at 925 ?C attributed to the reduction of 
WO, species, whose relatively higher abundance of W=O terminal group 
compared to Mo-O group rationalise its lower reducibility. Note also that the 
TPR profiles for alumina supported NiMo and NiMoW catalysts (i.e., Figures 
VI d and e) show the reduction peaks at intermediate temperatures between 
Ni- and W-containing samples, as a consequence of the effective promoter 
effect of nickel on the reducibility of MoO, and WO, domains. A linear 
dependence of the sample reduction degree with the maximum temperature of 
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the first reduction peak is clearly illustrated in the inset Figure, which confirms 
that reduced nickel catalyses the H dissociation and subsequently the H atoms 
could spill-over and reduce the Mo- and W-oxo species. The reduction degree 
is below 1.0 and this would indicate that alumina-supported metal oxides are 
not fully reduced within the analysis temperature range (50-950 °C). 

The assignment of the overall reduction process, the theoretical and 
experimental moles of H: consumed per moles of metals Oe, Ni, Mo and W) 
and the maximum reduction temperatures are listed in Table 5. The measured 
overall H) consumptions per moles of metals are comparable to those expected 
for the partial extent of reduction in Mo-containing samples. In those samples, 
Ma" is reduced to Mo^* and Ni^* is completed reduced to Ni’, whilst Wi" 
appears to be reduced to various oxidation states (1.e., wt, w»). 

When one compares the experimental (i.e., 0.79) and theoretical Ge, 1.0) 
overall H) consumptions for alumina-supported W (+6) oxide an uncompleted 
reduction toward W^* also appears to occurs. Indeed, the co-impregnation of 
alumina-supported W oxide with Ni and Mo oxides enhanced the reducibility 
of WO, species, this finding is also supported by the diminution of the high 
temperature reduction peak (from 925 °C to 875 °C). Apparently, NiO is fully 
reduced in alumina-supported NiMo samples, indicating that MoO, species 
could hinder the N1O-AL;O; interaction and hence facilitating NiO reduction. 

The overall analysis of H5-TPR results suggest that NIO-MeO, interaction 
facilitates the segregation of MoO, and WO, species on alumina surface and 
promotes their reducibility. 


Table 5. Maximum reduction temperatures, moles of H» consumed per 


moles of metals and assignment of overall reduction process for alumina- 
supported Ni-, Mo-, and W-containing samples 


(H5j/Metals)  (H;/Metals) 


Sample Trei CH Tis CC) Experimental Theoretical soem 
Ni 305 580 0.83 1.00 Ni^-— Ni? 
Mo 447 857 1.98 2.00 Mo*'— Mo? 
W = 925 0.79 1.00 ws WII 
. Ni? Ni? 
NiMo 379 731 1.51 1.50 MoA Me 
Ni” — Ni? 
NiMoW 405 875 1.52 1.67 Mo“*— Mo” 


WÉI — wt 
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According to the above-discussed results, no evidence for the formation of 
Mo-O-W link was obtained, despite the relatively high surface density of 
MeO, (8.2 Me atoms/nm?). Indeed, a former report showed that MoO, and 
WO, formed a mixed metal oxide nanostructure on alumina surface at high 
surface density Oe, 2-8 Me atoms/nm”) [22]. The absent of Mo-O-W links 
could be considered as an additional evidence of the selective NiO-MeO, 
interaction relative to MoO,-WO, interaction. It is envisaged that the 
proximity of NiO with MeO, species could improve the promoter effect of Ni 
on MoS, (or WS;) after the presulphiding process and hence enhancing the 
hydrotreating performance. 

To find out the capability of the impregnation solution-based combustion 
method to produce deep hydrotreating catalysts, the apparent reaction orders 
and rate constants for alumina-supported NiMoW sulphide and commercial 
alumina-NiMo sulphide catalysts using two different feedstocks (1.e., feed 2 
and feed 3) are compared in Table 6. There is a number of interesting points to 
be mentioned. 1) The apparent reaction order for HDS reactions for feed 2 
Oe, 1.3) is lower than that obtained for feed 3 (i.e., 1.6); an opposite trend 
was obtained for the HDS rate constants. 2) The HDN reaction data were 
satisfactorily fitted with an apparent reaction order of one independently of the 
feed composition. This relatively low value of reaction order compared to the 
HDS reaction orders (i.e., 1.3 and 1.6) implicates that N-containing molecules 
would have a higher coverage (or stronger interactions) on the surface of Ni- 
promoted Mo (and/or W) sulphide than S-containing molecules. This was 
markedly reflected on higher HDN rate constants relative to HDS activity, 
particularly for feed 3, which suggests that this feedstock is indeed less 
reactive (more demanding) than feed 1 based on the reactivity of S and N 
compounds. 3) The NiMoW catalyst showed HDS rate constants between 72 
% (feed 2) and 57 % (feed 3) higher than those of NiMo catalyst, clearly 
indicating that the alumina-supported NiMoW sulphide catalyst is more active 
that the commercial alumina-supported NiMo sulphide catalyst for hydride- 
sulfurization reactions. 

However, the HDN rate constants for feed 2 only showed a small increase 
with the catalyst composition; an even smaller rise was observed for feed 3. 
This trend is in agreement with the former conclusion that the feed 3 is less 
reactive than feed 2. 

In order to find out the capability of the NiMo and NiMoW catalysts for 
the hydrogenation of aromatics, the fluorene concentrations present in feed 2 
treated at different LHSVs were fitted on a pseudo-first order of reaction with 
correlation factor (i.e., R’) above 0.990. 
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Table 6. Apparent reaction orders and rate constants for HDS 
and HDN reactions over alumina-supported NiMoW and commercial 
alumina-NiMo catalyst for model feed (feed 2) and straight run 
gas oil (feed 3). Reactions conducted at 340 °C, 3.5 MPa 


and 250 Nm?/m? 
HDS HDN 
Catalyst Feed Wi Hg Sp pes Kup 4 
apparent order " ]*10 apparent order (1/g.s)*10 
. 2 1.3 8.29 1.0 70.70 
NiMo 
3 1.6 0.36 1.0 16.41 
. 2 1.3 13.04 1.0 76.71 
NiMoW 3 


1.6 0.62 1.0 17.34 


The commercial alumina-supported NiMo and alumina-supported NiMoW 
sulphide catalysts showed hydrodearomatization (HDA) rate constants of 
6.05x10 ^ (g.s) ' and 8.87x10 * (g.s) , respectively. 

Again, the latter catalyst exhibits a nearly 47 % superior HDA activity 
relative to the commercial NiMo formulation. This increase follows a similar 
trend in the improvement observed for the HDS activity (72 96), indicating that 
the hydrogenation sites appear to be the main cause of the higher HDS activity 
of NIMoW catalyst. 

This is likely due to the presence of the type II Ni-(Mo/W)-S phase that 
would facilitate the hydrogenation pathway [23, 24]. This trend was not 
markedly reflected on the HDN activity, indicating that the contribution of the 
hydrogenation reaction in the overall rate of the HDN pathways is rather 
limited. 

A previous report suggests that the enhanced S-Me bond strength by the 
proper combination of Ni, Mo and W can significantly improve the HDS 
performance of NiMoW sulphide catalyst [25]. On the other hand, it is 
envisaged that the formation of multiple slabs of Mo (and W) sulphide 
promoted with Ni can also produce a highly active type II Ni-(Mo/W)-S 
structures (i.e., Ni-Mo-S, Ni-W-S and Ni-Mo-W-S phases). These phases 
would be equivalent to the type II Co-Mo-S structure [26], whose type II phase 
has weaker interaction with the support and higher intrinsic activity than type I 
active phase. 

It is expected that N-containing compounds cover a large fraction of the 
hydrogenation sites of the type II Ni-(Mo/W)-S phase, suppressing hence the 
hydrogenation of sterically hindered S compounds and aromatics. 
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CONCLUSION 


The influence of the urea/Ni ratio in the HDS activity of alumina- 
supported NiMoP sulphide catalysts synthesised by impregnation solution- 
based combustion method has been catalytically examined. The synthesis of 
alumina-supported NiMoW oxide was carried out using a ® ratio of 0.6. The 
HDS, HDN and HDA activities were compared to a commercial alumina- 
supported NiMo sulphide catalyst. Based on the catalyst preparation, 
characterization and performance, the following conclusions can be drawn: 


1. 


The urea/Ni ratio can tune metal oxide-support interaction and hence 
the catalytic properties of hydrotreating catalysts. The ignition 
temperature and the maximum temperature of the exothermic peak in 
the T-t profiles showed a strong dependence of the chemical nature of 
the redox mixture deposited on alumina surface. The catalyst bed 
temperature rate increased lineally with the rise of fuel (i.e., urea) 
content. 

The HDS activity of alumina-supported NiMoP sulphide catalysts 
achieved a maximum at ® ratio between 0.6 and 1.2. This maximum 
HDS rate constant is attributed to a higher abundance of 
polymolybdate clusters relative to single molybdate species and Ni- 
Mo-oxo interaction in the catalyst precursor, which is reflected on the 
effective incorporation of nickel onto the edges of MoS, that 
facilitates the formation of NiMoS structure. 

The sequential deposition of NiMo-urea solution on metal oxides- 
modified alumina surface produces a reduction of the catalyst bed 
temperature rate and an increase of the decomposition period of the 
metal oxide precursors and urea as a consequence of the lower content 
of NiMo oxides relative to the metal oxide-support (dilution effect) 
when increasing the number of impregnations. The addition of Ni and 
Mo to WO,-modified alumina assists the segregation of MoO, and 
WO, species on the alumina surface and promotes their reducibility. 
The addition of tungsten to the NiMo catalyst selectively enhances the 
HDS reaction rates compared to the HDN reactions, which is also 
reflected on the HDA reaction rates. This finding is rationalized 
assuming the formation of type II Ni-(Mo/W)-S structures and an 
electronic factor that improves the S-Me bond strength when a 
suitable catalyst synthesis approach and a combination of Ni, Mo and 
W are used. 
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